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INTRODUCTION AND SUMMARY 
With the TORTUR III experiment at the FOM Institute for Plasma Physics 
in Nieuweqein, a research proqramme is heinq carried out concerninq 
anomalous plasma heating. The goals are to study the physics of a 
mildly turbulent plasma and to investiqate the potentials of enhanced 
ohmic dissipation as a means of heating a thermonuclear plasma. 
The plasma we study is generated and confined in a so-called 
tokamak, a closed magnetic confinement device. The tokamak is widely 
used in thermonuclear research and is one of the most promising candi-
dates for the fusion reactor. It is a toroidal system in which a 
current-carrying plasma ring is confined. The current heats the plasma 
by ohmic dissipation. In the typical tokamak plasma, temperatures up 
to 10 7 K are achieved with only ohmic dissipation as a source of heat-
ing. The potential of ohmic heating is limited, however, since the 
plasma resistivity decreases with 
heat the plasma up to ignition 
increasinq temperature. In order to 
temperature (- 10 8 K) additional 
heatinq is necessary. One method to achieve further heating is to 
induce anomalous plasma resistivity, which enhances the ohmic dissipa-
tion. This approach is studied in the TORTUR. III experiment. 
In our experiments a short (10 µs) high-voltage pulse is 
applied to a stationary tokamak discharge. The obiect is to enhance 
the fluctuation level in the plasma and thus the resistivity. Indeed, 
a sharp rise of the plasma temperature is found, almost simultaneously 
with the pulse. However, the temperature falls back to its initial 
value after a few microseconds. Though the heating may be consider-
able (- 50% of the basic temperature), the effect is too short-lived 
to be of interest as a heating method for a thermonuclear plasma. 
In 1982, however, in the TORTUR III experiment a new phenomenon 
was observed: a second rise of the temperature. This second heating 
effect is a slow one, extending over several milliseconds. The temper-
ature reaches a maximum 2 ms after the application of the high-voltage 
pulse. This delay is puzzling since the energy-confinement time - the 
"memory" - of the plasma is but 1.7 ms. Moreover, during the heating 
phase the Poynting flux through the plasma surface is not increased. 
What could be the mechanism of this delayed heating and what reservoir 
within the plasma supplies the energy? 
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Many experiments were dedicated to the solution of these 
questions. They involven the measurement of various plasma parameters, 
such as the temperature (both of the ions and of the electrons), the 
density, the emission spectrum (microwaves, visible liqht, vacuum 
ultra-violet, soft X-rays and hard X-rays, 
>. = 1 cm, to >. = 10- 12 m) and the fluctuation 
a spectral ranqe from 
soectrum. in this thesis 
an account is qiven of these experiments. Emphasis is laid on the X-
rav measurements, the latter beinq the author's diaqnostic specialism. 
Eventually, the conclusion is reached that the application of 
the high-voltage pulse results in a modulation of the current-density 
profile: the (normally already oeaked) profile sharpens, the current 
concentrates in the centre of the plasma column. This is a non-equi-
librium situation. It relaxes to the normal current distribution 
within - 2 milliseconds. As long as this relaxation orocess is not 
finished, the dissipation is on an enhanced level and anomalous plasma 
heating is observed. 
In fact, this is an expression of the qeneral principle that 
in the stationary situation the current distribution is such that the 
dissipation is minimal (for given profiles of the temperature and 
density). Any perturbation of the equilibrium distribution results in 
enhanced dissipation. In our experiment the current distribution is 
pinched, which has two advantages above flattening: 
i) during the relaxation the self-inductance of the plasma decreases, 
which feeds the plasma current; and 
ii) the additional dissipation is concentrated in the plasma centre. 
These aspects have been demonstrated in our exoeriments. 
The major drawback is that the attainable peakinq of the profile is 
limited bv the macroscooical stability of the olasma. The method is 
open for improvement. 
Actual 1 v, the basic TORTUR I II d ischarqe is an experiment on 
plasma turbulence in itself, as it exhibits a stationary resistance 
anomaly of about a factor of three. The enhanced resistivity is 
attributed to the occurrence of a weak current-driven instability of 
the ion-cyclotron type. Our experiments confirm the general finding 
that this anomalous resistivity is fairly independent of the electron 
temperature (in contrast to. classical resistivity). 
The structure of this thesis is as follows: 
Chapter 1 is an introduction to the TORT!JR III experiment. It contains 
a brief description of the machine and the diagnostic equipment, and a 
listinq of some basic plasma narameters. 
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In Chapter 2, the X-ray diagnostic tools are described and the connec-
tion between the velocity distribution of the electrons and the X-rav 
spectrum is qiven. 
Chapter 3 is a summary of various items from plasma theory, including 
plasma turbulence, runaway electrons and current-driven instabilities. 
It is meant as a basis for the interpretational work of the last 
Chapters. 
In Chapter 4, the experimental results are presented. This Chapter is 
split into two parts: Part A, concerning the basic '1'0RTUR III dis-
charge and Part B, concerning the effects of the application of the 
high-voltage pulse. 
The discussion of the experimental results is found in Chapters 5 
and 6. 
In Chapter 5 the X-ray measurements are scrutinized. Four soectral 
regions are distinguished, ranging from hv = 1 keV to hv = 2 MeV. The 
specific information obtained from measurements in each reqion is 
evaluated and discussed. 
Chapter 6 offers a general interpretation of the measurements, both of 
the basic plasma and of the effects induced by the high-voltage pulse. 
The modulation of the current-density profile is discussed in detail. 
Finally, in Appendix D a short account is given of the author's 
activity in the field of diagnostics develooment and the stucly of 
microchannelplate detectors. 
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C H A P T E R 
THE TORTUR III EXPERIMENT 
1.1 Introduction 
The heart of the TORTUR III experiment is a so-called tokamak. This is 
a magnetic plasma confinement system, the outward apoearance of which 
is determined by a toroidal vacuum vessel, and a set of poloidal coils 
that generates a toroidal magnetic field in the vessel. The vacuum 
vessel is necessary because the plasma has to be formed out of low-
pressure, exceedingly pure hydrogen gas. The toroidal field consti-
tutes the main component of the magnetic field in which the plasma is 
confined. In general, it. is kept constant durinq the plasma confine-
ment. 
A current is run throuqh the plasma by operatinq the plasma 
rinq as the secondary coil of a transformer. The current qives rise to 
heatinq through ordinary r 2R dissipation. Moreover, the ooloidal maa-
netic field generated by the plasma current adds to the steady toroi-
dal field to vield a helical field confiquration. Toaether with an 
additional vertical field, this field confiquration ensures stable 
confinement under well-defined conditions. 
The present TORTUR II I tokamak has evolved throuah numerous 
modifications out of the TORTUR I device that started its operation in 
1974. The main theme of the scientific research programme has ever 
since been the study of enhanced (anomalous) olasma resistivity in-
duced by pulses on the plasma current [1,2,3,4]. In order to produce 
these pulses the TORTUR III machine is equipped with hiqh-voltaqe 
capacitor banks. A variety of diagnostic tools have been used to eval-
uate the complex processes brouqht about by the current pulses. 
vert. field coils 
diagnostic ports 
slow 
bank 
copper 
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Fig. 1.1. Outline of the TORTUR III tokamak 
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Fig. 1.2. The equivalent electrical circuit. 
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1 .2 The machine 
An outline of the TORTUR III tokamak is presented in Fig. 1.1, the 
equivalent electrical circuit is depicted in Fig 1.2. Apart from the 
vacuum vessel ( 1 iner), the toroidal field coils and the transformer 
yoke, the following features may be noticed: 
- A copper shell of 2 cm thickness encloses the 1 iner. This shell sup-
presses - by means of local induction currents - fluctuations of the 
plasma position with timescales shorter than the skin time of 2 cm 
copper (1 = 2 ms). Both in poloidal and toroidal direction the shell 
has insulating qaps to avoid short-circuiting of the currents in-
duced by the magnetic field. 
- Vertical field coils are used for the control of the equilibrium 
position of the plasma column. They are attached closely to the 
copper shell. The strength and configuration of this control field 
can be adjusted, but the field cannot be varied during the shot. 
- In between the magnetic field coils, ports of the liner emerge 
through openings in the copper shell. They serve as diagnostic 
ports. Also the stainless steel limiters that define the plasma 
boundary are inserted through them. The plasma radius can be chosen 
in the range 73 to 87 mm. 
- The primary coil of the transformer is wound around the central leg 
of the yoke. In this manner an inductive coupling oersists until the 
yoke has reached saturation. The yoke allows a flux swing of 0.25 Vs. 
- The four fast (low-iniluctance) capacitor hanks (40 kV, 25 uF) are 
used for the generation of short (10 us) current pulses superimposeil 
on the running Plasma current. They can be firerl at oreset times. 
The current is fed directly to the cooper shell. Special care was 
taken to avoid stray fielils at the connection. 
- The liner is made of inconel, rigid sections alternate with bellows. 
The thickness of the inconel of the bellows is 0.2 mm. Thus the skin 
time is reduced to - 1 us, which is necessary to transmit the fast 
voltage pulses to the plasma. 
The fo'rmation of olasma is initiated by pre-ionization of the 
test gas ( 1 mtorr H2 ) by means of a 200 watt r.f. signal. The dis-
charge is then started by the ionization bank ( 5 kV, mF), which 
rapidly forms a hot plasma. After a few milliseconds an electrolytic 
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bank (450 V, 0.4 F) takes over the magnetization current, and main-
tains a steady Plasma current until saturation of the yoke puts an end 
to the discharge. For the plasma format ion typically 1 00 mvs flux 
swing is used, the quasi-steady state uses the remaining 150 mvs. 
Figure 1.3 shows typical signals of the plasma current and the loop 
voltage. Figure 1.4 shows a current pulse delivered by tne fast bank. 
TABLE 1. 1 
Main machine parameters of TORTUR III 
Machine parameters: 
major radius Ro 0.460 m 
copper shield radius rs = 0. 1 05 m 
limiter radius a = 0.080 m 
magnetic field Ro = 2.9 T 
plasma volume Vol = 0.06 m3 
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Fig. 1.3. Voltage and current as a function of time for a typical discharge. 
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Fig. 1.4. Extra current pulse delivered by the fast bank. 
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1 .3 Plasma diagnostics 
In order to qet cletailed information about the physical processes 
which take place in the plasma, a varietv of diaqnostic tools have 
been used (see also Fig. 1. 5): 
Voltage and current: 
- Direct measurement of the loop voltage by a loop-voltage 
divider. 
- Measurement of the plasma current by means of Roqovski coils. 
- Determination of the plasma position with a sine-cosine coil set 
(four coils, diametrically positioned around the plasma). 
Line-inteqrated density 
- A 2.14-mm wave interferometer bridqe is used for the determina-
tion of the line-inteqratea Plasma densitv. 
Density fluctuations [5]: 
Densitv fluctuations in the outer plasma reqion are measurea by 
means of the 90° scattered sional from a 4-mm beam launched into 
the plasma; also passive emission near 2 mm is measured. 
Electron Cyclotron Emission [6]: 
An ECE six-channel polychromator (A = 0,8 to 1.5 mm) is used for 
the measurement of time-resolved radial temperature Profiles. 
Thomson scattering [7]: 
- A pulsed ruby laser beam ( 10 ns, 500 MW, A = 694.3 nm) is sent 
through the plasma and is partially scattered by the free 
electrons. From the intensitv and linewiath of the scattered 
light the electron density and temperature can be determined at 
one position and one instant of time. The beam can be positioned 
either on r = 5 mm or r = 60 mm. 
Visible light emission: 
- An optical multichannel analyser is used for the identification 
of impurity lines. 
- Two monochromators are used to monitor the Ha-emission of 
neutral hydrogen and the emission of the oII 425.4 nm line. 
Vacuum Dltra Violet radiation: 
- A 1-m grazing inciOence spectrometer Performs measurements in 
the VUV region. These measurements qive information on the 
concentration and ionization states of impurity ions. The 
spectrometer covers the reqion A = 8 to 1215 A, 
electrostatic 
analyser 
probe 
Thomson scattering 
r=5 mm and r= 60 mm 
soft X-ray 
detector 
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ring 
+-
voltage divider 200 : 1 
Fig. 1.5. Schematic plan of the diagnostic equipment of TDRTUR III. 
-8-
Soft X-ray emission (< 30 keV): 
- A four-channel soft X-ray detector is used to record the evolu-
tion of the soft X-ray flux. By means of the foil method the 
electron temperature can be monitored [1,8). 
- A liquid nitroqen-cooled Si(Li) detector is used to construct 
soft X-rav spectra by means of pulse-heiqht analysis on a many-
shot base. 
Hard X-ray emission (> 30 keV): 
- A biq NaI(Tl) scintillation crystal in combination with a photo-
multiplier tube was used to obtain spectra in the hard X-ray 
region. 
- A small NaI(Tl) scintillator plus photomultiplier was used to 
monitor the evolution of the hard X-ray flux. 
Neutral particle flux [4,9,10): 
- The energy distribution of neutral particles which emerqe from 
the plasma is measured with an eiqht-channel electrostatic 
analyser with a stripping cell at the entrance. A neutral beam 
iniector offers the possibility to let the maioritv of the 
neutral flux oriqinate at the plasma core. In this- way the 
central ion temperature is evaluated. 
Power loss: 
- A bolometer measures the nower loss to the wall as a function of 
time. 
1.4 The TORTUR III plasma 
Anticipating the detailed discussion of the properties of the TORTUR 
III plasma, we shall present in this section a reference list of basic 
plasma parameters. The computed values are for a typical discharge as 
defined by the parameters qiven in Table 1.2. This type of discharge 
serves as a standard. When a series of measurements has been performed 
on a substantially different discharge, this will be mentioned explic-
itly. The values of the parameters vary during the discharge: those 
given applv for the quasi-stationary state of the discharge. Tables 
1. 3 and 1. 4 list the standard TORTUR III values of selected olasma 
parameters. We dwell for a moment on the meanino of these. 
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TABLE 1. 2 
Basic plasma parameters of standard discharqes 
plasma current 
loop voltage 
electron temperature 
ion temperature 
electron density 
effective ion charge 
energy density 
kinetic pressure 
magnetic pressure 
kinetic to magnetic 
pressure ratio 
I p 35 kA 
VL 4-5 v 
T 1700 ev at r 5 mm 
e 250 eV at r 60 mm 
T. 
l 
400 eV at r = 5 mm 
6x 1019 m-3 at r = 5 mm n {3x1019 m-3 at r 60 e mm 
Zeff 1. 5 - 2 
w 
pk 
PB 
~ 
) i k(neTe+niTi) { 1.6x104 = 1.8x103 
B2/2µ = 3.3x106 Jm-3 
0 
Pk/PB = 0.5% at r = 5 mm 
'!'ABLE 1 • 3 
Derived quantities 
(seep. 10-11) 
TABLE 1 • 4 
Jm-3 at r = 
Jm-3 at r = 
Quantities depending on the current-density profile, 
computed for the assumption of classical resistivity 
'!DRI'UR III values 
quantity symbol expression r = 5 mm r = 60 mm 
5 mn 
60 mm 
current density :i 5.3 1. 0 MA/m2 
drift velocity VD :i/ne•e 5.5x105 2x105 m/s 
safety factor q 
rB~ 
1. 8 3.5 
RB,J 
TABLE I. 3 
Derived quantities 
Expression Reduced form Value TORTUR III 
quantity symbol (S.I.) (Te.i in eV) r=S mm r~6o mm 
electron-cyclotron frequency eB 1.sx10 11 s.2x10 11 w - B radls 
ce m 
e 
ion-cyclotron frequency ZeB 9.6xJ07 f B 2.sx108 radls w 
ci --m. 
l 
electron plasma frequency w r:e :21 j 5 .6x/Il 4.3X JQl l 3.Ix1011 radls pe e 
e o 
ion plasma frequency w pi [ni z
2
e
2] l ~ 1.ox1010 
m.E I .3XZ A radls 
l 0 a 
I 
IT 
electron gyroradius r vth,e lw 3 4x10-6 ~ 3.1x10-s I. 9x I o-5 m ce ce . B 
/AT.' 
ion gyroradius v h .lw -4 l 1.ox10-3 r 
ci ci l.4X!0 ZB m t , l 
Debye shielding distance AD 
[E 0 kTeJ j 7.4x!0 3 ~ 2.sx10-s 2.Jxio-5 m 
n e 2 n e 
e 
' 5.9x1os. ~ electron thermal velocity vth,e (2kT Im)' J.6XJQ7 9.3x106 mis e e 
l Ii 2.sx1os ion thermal velocity vth,i (2kT.lm.) 2 J.4X!Q4 A mis l l 
ion-acoustic velocity 
Alfven velocity 
electron-ion momentum 
equipartition time 
energy equipartition times: 
electron-ion 
electron-electron 
ion-ion 
classical resistivity 
runaway field 
v 
s 
VA 
T 
c,ei 
T 
eq,ei 
T 
eq,ee 
T .• 
eq, ii 
n 
E 
c 
' (kT Im.)' 
e i 
l 
B(µ n.m.)-' 
0 l l 
m 
e 
n e 2 T . 
e c ,ei 
9.Sx103 ~ 
A 
2.2x1ol6 B 
In.A 
l 
1 312 
6.9x1011 e 
Z 2n. £nJ\ 
l 
AT 3l2 
3.2x1014 e 
2.9x1011 
Z 2n QnJ\ 
e 
31 T 2 
e 
n QnJ\ 
e 
IA T 3 I 2 
1.2xJQ13 i 
z4n.QnJ\ 
l 
5.Qx]Q-5 ZfoJ\ 
31 T 2 
e 
n 
2.6xJQ-17 / foJ\ 
e 
2.6x]Q5 I .sx1os mis 
s.2x106 mis 
7x I o-6 3x10-6 s 
5.2x10-3 s 
4.7xJQ-6 2.sx10-6 s 
I. 1x10-4 s 
5.0x10-s Sim 
40 47 Vim 
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The total pressure in the plasma is the sum of the kinetic 
pressure of the particles and the magnetic pressure B2 /2µ 0 • The val-
ue of the kinetic pressure over the magnetic pressure is a measure of 
the efficiency of the maonetic confinement. The TORTUR III value ~max 
= 0.5% is usual for small tokamaks. 
The plasma frequency Wpe is a basic frequency of collective 
oscillations of plasma particles: if a group of electrons were slight-
ly di spl acecl with respect to the ions, they would return to their 
equilibrium position in an oscillatory motion with a frequency Wpe• 
For the ions a similar phenomenon occurs at Wpi• This kind of oscil-
lation is always present in a plasma. Note that in our case the cyclo-
tron frequency of the electrons, wee, is of the same order as Wpe. 
This means that for plasma oscillations the electrons are tied to the 
magnetic field lines. The parameter wce/wpe plavs an important role in 
the theory on plasma turbulence. For the ions, however, wci « wpi· 
The magnetic field has but little influence on their motion. In fact, 
the electrons glue the ions to the magnetic field. 
The Debye length, which is the effective range of the Coulomb 
interaction in this environment where free charges tend to shield it, 
is of the order of the electron gyroradius rce· Within a sphere of 
radius x0 , however, of the order of 10
6 
electrons are contained. 
Some attention is paid to the important parameter 'c,ei• which 
is usually called the electron-ion collision time, although it really 
is the momentum equipartition time. We remark that -r c,ei is propor-
tional to v 3 • For a maxwellian velocity distribution this means that 
the resistivity decreases with increasing temperature like T- 312 • This 
e 
implies that there is a 1 imi t to the ohmic heating effect of the 
pl as ma current. The time T ' c, e 1 is defined as the time it takes an 
electron, on average, to get scattered over 90°, which it does after 
manv small-angle deflections. 
The exoressions for the energy equipartition times are valid 
for maxwellian distributions onlv. If energy is stored in superthermal 
particles, the equipartition may take considerably more time. 
Since the collision time increases with v 3 , one should not be 
surprised that there is a critical velocity above which an electron is 
accelerated freely by the loop voltage. Such electrons are called run-
aways. The runaway field, or rather E/Ec , is a measure of the rate of 
runaway production. 
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Apart from their thermal motion, the electrons have a mean 
directed velocity (v0 ) that corresponds to the local plasma current. 
Where this velocity approaches certain thresholds, such as the velocity 
of sound Vs or the thermal electron velocity, anomalous resistivity 
can be generated due to so-called current-driven instabilities. 
The drift velocity is proportional to the local current density 
j (r). In contrast with the total current Ip the :i-profile is not 
easily measured. We can only calculate j(r) adopting some model for 
the resistivity. Therefore the values given in Table 1.4 are only an 
indication. They are computed for a j-profile as would result from 
classical resistivity, and should not be regarded as definitive 
figures. 
The current density al so determines the pitch of the helical 
magnetic field. The normalized pitch, q, is called the safety factor 
because of its importance for the development of dangerous instabil-
ities. In general, instabilities may develop on surfaces where g is 
rational. The simpler the rationality, the faster the instabilities 
grow. 
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C H A P T E R 2 
X-RAY DIAGNOSTICS 
2. 1 On the orig in of X-rays 
An X-ray quantum may be generated by one of three distinct processes: 
Bremsstrahlung, recombination, and line radiation. The former two give 
rise to a continuous spectrum, the latter to discrete lines. we shall 
briefly discuss these sources of X-rays. 
Bremsstrahlung 
The scattering of electrons at local fluctuations of the elec-
tric field is accompanied by the emission of EM quanta of the electron 
kinetic energy or less. The source of the field fluctuations may he 
hydrogen ions or impurity ions, but also some collective oscillation 
of plasma particles. The X-ray spectrum reflects directlv the velocitv 
distribution of the electrons (see Section 2. 2). Charged particles 
that hit solid structures such as the limiter or the liner also pro-
duce bremsstrahlung (thick-target radiation). The spectrum of this 
radiation also reflects the electron velocitv distribution. Runaway 
electrons, which are confined effectively due to the low collision-
ality, may reach the limiter with an energy they have acquired milli-
seconds earlier. Hence, a rise of the hard X-ray intensity is not 
necessarily synchronic with the generation of fast electrons. A good 
example is the burst of hard X-rays at the end of a tokamak discharge. 
Electron-electron interaction does not produce bremsstrahlung 
unless relativistic effects play a role. This often is the case, but 
the contribution to the bremsstrahlung flux is small. 
Recombination 
Al though a hot hydrogen Plasma usually is assume<l to be com-
pletely ionized, an equilibrium actually exists between ionization and 
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recombination. If an electron is trapped by an ion, a photon is emit-
ted of the electron kinetic enerqy plus the ionization energv of the 
ion. In a pure hydrogen plasma, recombination contributes but modestly 
to the soft X-ray flux. However, the Probability of recombination is a 
stronq function of the ion charge and the ionization potential. In a 
plasma with Te = 500 eV, contaminated with few per cents of oxyqen, 
recombination completely outshines bremsstrahlung. 
A second form of recombination is dielectronic recombination. 
In this process the capture of the electron provokes an inner shell 
excitation of the ion. The continuum part of the spectrum is usually 
not much affected, but the intensity of the relevant lines may be 
enhanced significantly [2], 
Line radiation 
Inner shell transitions of not fully stripped ions qive rise to 
emission lines in the soft X-ray region. They convey information on 
species an'1 ionization states of impurities, but thev may act as a 
disturbance of the continuous spectrum. Line radiation is qenerated 
mostly in the cold outer reqions of the plasma, where liqht impurities 
are not fully stripped. Lines of heavy impurities are also found in 
the hot core. 
Distinct as the physical oriqins of X-ray quanta may be, in 
the flux that leaves the plasma all photons are mixed together. The 
implications for the interpretation of spectra are discussed in 
Section 2.2. 
2.2 The basic expressions 
We shall present in this section expressions for the X-ray spectrum 
which are used in the analysis of the experimental results. The 
expressions qi ven are approximate, the aoorox imat ions ma fie are usual 
for the kind of analysis we will perform [ 6, 7, 10]. The more accurate 
expressions can be found in literature, e.q., in [11,1?.] and refer-
ences therein. 
We consider an electron with kinetic enerqy £e movinq throuoh 
an ion cloud of density ni. Then, according to Kramer's rule, the 
power spectrum of the emitted radiation is flat up to photon energy 
o = £e and has the value [s]: 
I ( E) 
e 
2 Z ni 
3.76x10- 29 
= 9.4ox10- 20 
IE 
e 
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(E in J) ( 2 • 1 ) 
( e in eV) • (7.. 2 ) 
Ie(e)dc is the energy radiated per second, in 4n steradians, in the 
photon energy interval ( c, c + de) by an electron of kinetic energy 
ce moving through an ion cloud of density ni. This expression 
loses its validity when ce approaches relativistic values [s]. 
For many electrons, with g(Ee)dEe the number of electrons 
with kinetic energy between Ee and Ee + dEe contained in one cubic 
metre of plasma, the bremsstrahlung spectrum reads: 
I ( E) 
oo g ( E ) J e 
E IE 
e 
dE 
e 
( 2. 3) 
where I(E)dE is the energv radiated in the spectral interval (E,E+dE), 
in 4n steradians, in one second, by one cubic metre plasma of ion 
density ni and ion charge Zi· 
~ote that g(E) appears linearly in the integrand: if g(E) is written 
as a sum of distribution functions, the resulting spectrum is the sum 
of the corresponding spectra. This holds if spectra are mixed by 
line-of-sight integration, but also if, for instance, two quasi-
temperatures coexist. 
The distribution function can be reconstructed by differentia-
ting the spectrum with respect to E: 
dI ( E) 
dE ( 2. 4 ) 
From this expression, we see that the slope of the bremsstrah-
lung spectrum should be negative: if a spectrum exhibits a local 
positive slbpe, this must be due to a source other than 
bremsstrahlung, e. q., instrumental response function, line radiation 
or recombination steos. Bxoression (2.4) is not adeauate for an 
accurate determination of g(E) from the X-ray spectrum: detailed 
accounts on this subiect are qiven in Refs. [5,8]. 
For the maxwellian distribution 
q ( £) 
-£/T 
e e 
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the bremsstrahlung spectrum takes the form: 
( 2. 5) 
( 2. 6 ) 
A plot of log(I) versus£ shows a straight line, the slope of which 
equals -1/Te (Fig. 2.1). 
If photons are counted, the relevant spectrum is: 
~~ ( £) = I~£) • ( 2. 7 ) 
'!'he recombination spectrum has the same enerqv dependence as 
the bremsstrahlunq spectrum. Therefore the soectral intensitv of the 
total continuum radiation (bremsstrahlung + recombination) is fre-
quently written in the form: 
I ( £) = 9.4ox10- 20 
-£/T 
e e 
n2 
e l'i' 
e 
( 2. 8) 
!;(Te) is called the enhancement factor, as it denotes the enhance-
ment over pure hydrogen plasma bremsstrahlung. For a pure hydrogen 
plasma ~ takes the form: 
!;(Te) 
nH+ {z2 + [2 
XH xH/Te 
+ l 2xH 1 e xH/vzTe]} e ----n H T V=2 T v3 e e e 
• 1 + 27.2 l = 1 + 33 ( 2. 9) T v3 T e V=1 e 
with n 
e' 0 H+ density of electrons and protons, respectively, 
zfl charqe of hydrogen ion = 1 ' 
xfl ionization potential of hydroqen = 13.6 ev. 
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In an impure plasma, where the densities of the different ion 
species are denoted by n; ( i: label of the species) and the ion 
charges by z;. with ne = "nixz;. the generalized form reads: 
qTe) = l ~ {z~ + f;} (2.10) j ne 1 
[ .L x . x./T 2XH 7., ~ e Z~XH/(n+v) 2 Te J f. zz -1 e 1 e + l 1 J J n3 T T (n+v) 3 • e V=1 e 
(2.11) 
with n the principal quantum number of the lowest shell with unoccu-
pied places, 
~ : the number of free places in that shell, 
xj: the ionization energy of the recombined state. 
For '1' e > 
that the 
xj the fj have approximately a T;1 dependence, which means 
recombination subsides with increasing temperature. '1'he 
higher the temperature, however, the higher the ionization states of 
the impurity ions, which results in a rather wild behaviour of < as a 
function of Te (Fiq. 2.2). 
We see that the recombination flux spoils the simple dependence 
of I(o) on the effective ion charge Zeff• which is defined by: 
If we want to calculate Zeff from the X-ray intensity, we must have 
additional information about the dominant impurities. 
A more accurate expression for I( E) of a maxwellian Plasma 
takes into account the Gaunt factors for free-free and free-bound 
transitions [3): 
In (2.10) all Gaunt factors are taken 
approximation within 20% except for 
unity, which 
hydrogen for 
is usually a qood 
which qff 0.5 
[ 6). Since in our case the contribution of recombination is always 
dominant, the use of (2.10) introduces but a small error. 
I 
~ 
::: 
I 
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Fig. 2.3. A typical X-ray spectrum from the TORTUR III plasma. 
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The angular distribution of the radiation generated by a moving 
electron is peaked in the forward direction for electrons of all 
energies above 10 keV. For electrons below 100 keV kinetic energy, the 
peaking is, however, relatively broad [4]. This effect should be 
brought into account when the spectrum of a non-isotropic electron 
velocity distribution, in particular the runaway tail, is calculated. 
2.3 Classification of spectral reqions 
In order to qive a survey of the nistinct spectral reqions that will 
have our attention, a typical X-ray spectrum taken from TORTTJR III is 
shown in Fig. 2.3. 
We distinguish the following spectral regions: 
0 - 1 keV: Radiation in this reqion is filtered out in our experi-
ments. All lines of light impurities (carbon and oxygen) fall in this 
range. Iron has lines at 950-1150 eV in this reqion. 
1 - 2 keV: In the TORTUR III case the radiation detected in this in-
terval shows an apparent temperature Te = 150 eV. This flux dominates 
the low energy part of the spectrum. 
2 - 4 keV: Here, the spectrum shows a neat thermal continuum, corre-
sponding to Te = 670 eV. Radiation from the hot Plasma centre domi-
nates this region. Also line radiation of heavy impurities is ob-
served. 
For photon energies exceeding 5 keV a nistinct tail is observ-
ed. This tail stretches to enerqies up to meqa-electronvolts and qrows 
during the discharge. Up to about 30 keV the X-rays are called soft, 
more enerqetic photons are called harn. 
The soft and the hard X-rays have been measured by two detec-
tion systems each, one for soectral resolution, and one for temooral 
resolution. The instruments are described in the next section. 
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2.4. Instrumentation 
The four-channel soft X-ray analyser: PLATO [ 14] 
A schematic drawing of the instrument is shown in Fig. 2.4. The 
main components are a vacuum chamber in which four soft' X-ray detec-
tors are placed, and a collimation system that defines the field of 
view of each detector. The four detectors look essentiallv at the same 
plasma volume. Four foil exchange wheels give the possibility to place 
one of four foils between each detector and the Plasma. We used bervl-
1 ium foils ranging in thickness from 30 to 200 micron. 
PLATO is used to perform absolute intensity measurements with a 
time resolution of 100 µs. The exchangeable foils enable us to monitor 
the electron temperature with the same time resolution by means of the 
foil method [17,11]. The principles of this method are as follows: a 
soft X-ray detector yields the integral over the photon energv s of 
the X-ray spectrum, weighed by the product of the detection efficiency 
and the transmission of any absorber between plasma and detector. The 
spectrum of both bremsstrahlung and recombination has the form (2.8): 
2 
ne 
I ( s) -
-s/T 
e e 
with s the photon energy. Because the relative yield R of two detec-
tors with different absorber foils is, to good approximation, a func-
tion of Te only, evaluation of the flux in two detection channels 
suffices in principle to obtain the electron temperature. The electron 
density ne is a common factor and does not appear in R. Due to the 
line-of-sight integration the radial Te-profile should be taken into 
account when interpreting R. However, usually the X-ray emissivity is 
peaked in the hottest part of the plasma, hence R is determined mainly 
by the maximum value of Te found on the line of sight. 
In PLATO we use four detectors simultaneously: two surface-
barrier diodes (SBD) and two MqFz-coated channeltrons (CEM). Hence, we 
obtain three types of the relative yield R: SBD-SBD, CEM-CEM, and the 
hybrid SBD-CEM. Of these, the hybrid ratio offers the best temperature 
resolution. This is caused by the contrasting detection efficiencies 
of the two types of detectors. Actually, it is in PLl\TO that the 
hybrid method is successfully applied for the first time [15,16]. 
valve 
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Fiq. 2.4 a,b. The four-channel X-ray analyser. 
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The Si(Li) detector 
An Ortec model 7416-06215 liquid-nitrogen cooled lithium-drift-
ed silicon detector system (see Fig. 2.5) is used for spectral measu-
rements in the energy range 1-3 O keV. The actual detector is 3. 0 mm 
thick, which means it becomes transparent for photons exc'eeding 50 keV 
(1% absorption). In the spectral range 1-30 keV, each detected quantum 
produces a charge pulse proportional to its energy (one ee--pair is 
formed per - 3.5 eV). The pulse is amplified directly by a low noise 
pre-amp of which the input PET is LN-cooled. The pre-amplified pulse 
is shaped and amplified in an Ortec amplifier/Pile-up rejector. Pulses 
of 2-5 µs width in the order of 1-1000 mV are produced. Pulse-height 
analysis is carried out by means of two Tracor Northern pulse-height 
analysers: TN 1710 and TN 7200 which can be gated at different sample 
intervals during the discharge. Count rates up to 3x10 4 counts/second 
are used. 
The energy resolution of the system is 280 eV (FWHM) at 5.9 
keV. As the count rate is limited (to avoid Pile-uP) ~nd the spectrum 
falls off with increasing photon energy, the soft part of the spectrum 
tends to drown the tail. For measurements in the superthermal region, 
3-30 keV, the softer quanta are filtered out to bring out the tail. 
An evacuated tube with exchangeable diaphragms at both ends is 
used to define the field of view and to regulate the intensity. The 
pressure in the tube is regulated too, so that the air in the tube 
forms a tuneable absorption filter. 
Fe55 
cs137 
For the energy calibration two radioactive sources are used: 
5.9 keV line, and 
32.2 keV line. 
The hard X-ray monitor 
A NaI(Tl) scintillator-photomultiplier system is used to 
monitor the hard X-ray flux with good time resolution. The sensitivity 
lays in the range: 50 keV-0.5 MeV. The output signal is stored in a 
ADC, with a time resolution of 50 µs second during 50 ms, and a trig-
gered time-window of µs resolution (100 samples). The system is 
placed at about 60 cm distance from the torus. No shielding or colli-
mation is applied. 
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The NaI(Tl) scintillator 
A NaI(Tl) crystal scintillator attached to a photomultiplier 
tuhe is used for hard X-ray spectral measurements. Pulse-heiqht anal-
ysis is carried out with the TN 7200 and the TN 1710 pulse-height 
analysers, pulse-shaping and amplification with an Ort'ec model 450 
research amplifier. The system responds linearly within 1% in the 
energy ranqe 30 keV to 1.4 MeV. 
Apart from the photo-effect, a photon that enters the crystal 
may decay into a softer photon and a Compton electron. The Compton 
electron gives rise to a light flash which is detected by the photo-
multiplier. The photon may escape from the crystal. In that case the 
detected energy is lower than that of the incident photon. As a result 
the spectrum of a sinqle line shows, apart from a main peak, a contin-
uous intensity at lower energies. The bigger the crystal, the more 
chance a secondary photon has to be captured in the cristal, and the 
more intensity is found in the main peak. The crystal we used has the 
dimensions: 0 = 6.25 cm, lenqth = 6.25 cm. The measured spectra were 
corrected for the Compton effect (see Fig. 2. 6). Correction is not 
possible for the Compton effect due to photons of energv exceedinq the 
detection range. Hence, the correction cannot be performed accurately 
for spectra that have a flat tail which extends too far over the 
border of the detection range. 
For calibration we used a cs137 (662 keV, 32.2 keV) and a 
co60 (1.17, 1.33 MeV) radioactive source. 
The whole system is placed in a lead castle of 5 cm wall thick-
ness to reduce penetration of hard stray photons. A 0 = 2mm lead col-
1 imator is placed in front of the crystal. For X-ray energies of 1 MeV 
or more, however, the lead shielding becomes transparent. 
In most discharges we could not measure after about t = 10 ms, 
due to too high intensity. 
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CHAPTllR 3 
THEORETICAL NOTIONS CONNECTED WITH THE TURBULENT HE',ATING EXPERIMF:NTS 
3. 1 Introduction 
In the interpretation of experiments on turbulent plasma heating many 
fields of plasma theory come together. We do not only want to know 
what laws govern the anomalous resistivity, but we must concern our-
selves with the power balance as a whole, e.q. with anomalous heat 
conduction and particle transport. Furthermore, the short current 
pulse that is applied in the TORTUR III experiment is such that we 
must consider the Plasma stability against Uleal MHD and resistive 
tearing modes during the pulse. 
In this chapter we will briefly quote some capita of the vast 
body of ~iterature existing on these fields. This selection is bv no 
means meant as a review. Its purpose is merely to Provide some basic 
material on topics that will recur in Chapters 5 and n. 
3.2 Plasma turbulence 
Plasma turbulence is found in many experiments, under widely different 
conditions. A systematic survey of the turbulent states that can occur 
is given in Table 3.1 [1 ]. The TORTUR III experiments are found low in 
the central columns. The important parameter for the behaviour of the 
plasma is found to be the normalized electric field E/Ec, where l':c 
is the runaway field (see Section 3.3). Indeed for many experiments, 
the anomaly of the resistivity is found to scale with E/llc (see 
Fig. 3.1 [2]). The turbulent state is quite generally found to occur 
for E/F:c ~ 0.003 oc1/o (broken line in Fiq. 3.1), which is equivalent 
to the condition: 
u 
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' 
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0 
Fiq. 3.1a. Ratio of anomalous as a function of~ • Values found in literature 
0
classical 0 
are quoted. (E0 -Dreicer field- is related to Ec by E0 = 0.2 Ec). 
3.1b. Idem, for the typical tokamak reqime. (y = v0/v5). 
. 
E/E < 0.02 0.02 < E/E < 1 1 < E/E < 1000 D- D- D-
classical regime weak turbulence 'bulk' turbulence 
classical collision theory accelerative regime minority tail effects 
collision-dominated quasi-linear theories 
"true runaways" beam-plasma interaction by anomalous 
Doppler effect and Cerenkov resonance 
O/a ....., E /E 
cl D y ""1 a;a -- E IE cl D y..::. 1 
T T-P interaction: bulk: IA turbulence ~ > 3 
T - Cerenkov resonanc€ T-P interaction: Cerenkov 
i 
w 
plasma modes: IA, LM plasma modes: IA, LM 
ce 
< l 
w 
O/ocl "'EDIE y 2, 1 a/a cl -.... EDIE y..::. 1 pe T 
----.'::. ~ 3 
T. T-P interaction: Cerenkov bulk: IC turbulence 
i plasma modes: IC, DW, MS T-P interaction: Cerenkov 
plasma modes: IC, DW, MS 
T 
OIOcl "'EDIE y .<., l OIO "'E IE y .::.. l ~~ 3 a= a cl D T. cl 
i T-P interaction: A.D. res. bulk: IA turbulence 
(Spitzer resistivity) plasma modes: IA, DW, MS T-P interaction: A.D. res. 
w plasma modes: IA, DW, MS ce 
> 1 
w pe 
T ola cl ........ EDIE y ::.. 1 O/Ocl ........ EDIE y ::.. 1 
~~ 3 
T. T-P interaction: A.D. res bulk: IC turbulence 
i plasma modes: IC, DW, MS T-P interaction: A.D. res. 
plasma modes: IC, DW, MS 
I TORTUR III plateau I ! TORTUR III heatine pulse I 
TABLE 3.1: A systematic survey of turbulent plasma states. 
Abbreviations: T-P interaction: tail-plasma interaction 
A.D. resonance 
IA 
IC 
Anomalous Doppler resonance 
Ion-acoustic waves 
Ion-cyclotron waves 
DW 
MS 
LM 
Drift waves 
Magnetic sound waves 
Langmuir oscillations. 
E/ED > 1000 
strong turbulence 
non-linear theories 
two-stream instability 
ion-acoustic instability 
stop runaway production 
I 
w 
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This condition implies that the drift velocity should exceed a certain 
threshold related to vs in order to brino the olasma in a turbulent 
state. Such turbulence is called current-driven. The critical value of 
l, lcr depends on such parameters as Te/Ti and wce/wpe• and on the 
particular type of turbulence that is excited [3-9]. 
Provided the current is more or less stable (more precise: 
4/j « v where veff is the effective collision frequency) the 
ef f' 
plasma again satisfies Ohm's law, with an enhanced resistivity nan· 
The anomalous resistivity itself, although triggered by v0 , is 
no strong function of the drift velocity. 
These findinqs are explained qualitatively by the marqinal 
stability concept [6,7,10]. we sketch a simplifierl picture here. Let 
us assume that at some instant, the local drift velocity rises and 
exceeds a critical value: the local current drives some collective 
oscillation unstable, whereupon the resistivity rises sharply: then 
the current is cut down, the instability quenches and the process 
starts aqain. After a transition period, the olasma tends to an equi-
librium for which the drift velocity 1ust takes on its critical value. 
The latter depends on slowly varyino plasma conrlitions, which tune the 
equilibrium in the course of many rise-quench periods. The qrowth and 
quenching of the instability then, is a repeating phenomenon which 
acts as an effective collision frequency. The processes inducing the 
current-driven instabilities are microscopic, but they lead to a 
macroscopic (averaged over the plasma) anomalous resistivity. 
The macroscopic description of the marginally stable state says [2]: 
v I - -~ 
- D vs ne ' 
- neff (~ meveff/nee 2 ) is no strong function of the local rlrift veloc-
ity, nor of the electron temperature. 
Much theoretical work has been done to calculate the effective 
resistivity from the microscopic behaviour, i.e. the orowth and damp-
ing of the collective oscillations. As many types of oscillations may 
couple with each other and transport Processes Play a role, this ap-
proach is difficult to do analytically. The best way to attack the 
problem has turned out to be numerical simulation [6,7,11,12]. 
In this thesis we will not be concerned much with the micro-
scopical processes, but will instead try to come to an understanding 
of the plasma in terms of macroscopical parameters, such as the cur-
rent density profile and the profiles of temperature and density. In 
this chapter we will give some basic material on topics that will 
recur in Chapters 5 and 6, in which the experimental results are 
discussed. 
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3.3 Runaway electrons* [13,14] 
An electron in a tokamak plasma is subject to the electrical force 
FE eE , 
exerted by the loop voltage, which tends to accelerate the electron 
along the magnetic field lines. This force is counteracted by the 
Coulomb interactions, which cause a transfer of momentum from the 
electron to ions and other electrons. The effect of these collisions 
can conveniently be written in the form of a drag force: 
F = m vv ( v) • D e 
Here, vis the electron speed and v(v) is the collision frequency, 
which has v- 3 dependence: 
v ( v) = = 1.60x10 6 tnA , 
where tnA is the Coulomb logarithm: tnA = 32.2 + ~tn(T~/Z 2 ne) (~ 15 in 
a tokamak). 
The critical speed vc is defined as the speed at which the 
drag balances the electrical force FE: 
n 2 (e 3n tnA)/(2~e 2 rn E) 9.14x10- 6 e tnA VC = . e o e E 
For tnA = 15: VC = 3. 7x10
7 1~ 
1019 E 
Clearly, electrons with velocities v > Ve will be gradually accele-
rated by the electric field and eventually reach a free fall state. 
*In this section we use the definitions given by Knoepfel and Spong [13] in their 
review paper on runaway electrons. 
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These electrons have virtually no interaction with other plasma 
particles and are called runaways. Interaction with collective plasma 
modes is possible, however, and in that way a runaway population may 
affect the state of the thermal plasma. This suhiect is discussed in 
Section 3.4. 
Another quantity used frequently in the analvsis of runaway as-
sociated phenomena is the critical field (Eel, e.g. the field which 
will let a thermal electron (v = vth = (2kTe/me)1) run away: 
2.6ox10- 17 
With the substitution tnA = 15 we find the rule of thumh: 
T (keV) 
e 
E 
c 
in V /m • 
in eV) • 
The electron velocity distribution function is nearly isotropic 
for velocities v « vc, but in the vicinity of Ve it is stronqly 
deformed. The runaway tail is essentially one-dimensional. The 
deformation has its bearinq on the soft X-ray spectrum, where, roughly 
speaking, a tail begins to grow at the energy Ee correspondinq to 
the critical velocity: 
• 4 
(e in eV) 
c 
( £ 
c 
in keV) • 
The rate of runaway production ( >.) has heen the suhiect of 
numerous investigations, both analytical and numerical. We shall use 
the expression [13]: 
(~ ) a 
c 
with a= 3(Zeff + 1)/16 and K(Zeff) • 0.4 for Zeff= 1 - 3. 
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For TORTUR III, with E/J<C • 0.03 and ~ff • 2, we estimate for the 
total number of runaways at t = 10 ms 
Runaways are born Predominantly in the reqion of the plasma 
where Ec/E has its smallest value, which is generally in the plasma 
centre. As long as they are confined and not scattered by interaction 
with collective plasma oscillations, they qain speed until the veloci-
ty of light is approached. The free fall is described by: 
t p eE + p(t) = p(o) + e J E(t' )dt' 
0 
In Fig. 3.2 v, p and e of a free-falling electron under the influence 
of a constant field are depicted. 
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Fig. 3.2. Momentum (p), velocity (v) and energy (e) of a free-
falling electron in a field E as a function of Et. 
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A runaway population carries current, rouohly approximated by 
ec 
= 'NRA 2 rrR 
where ~RA is the absolute number of runaways and R is the maior radius 
of the torus. For TORTUR III the estimated runaway current IRA S 40 A, 
which is a neqligible fraction of the plasma current. 
A condition for the confinement of a runaway is that the 
Lorentz force exerted on the electron by the poloidal maqnetic field 
can balance the centrifugal force: 
with T = (1 - v 2 /c 2 )-~. 
From this condition it follows that a runaway is lost if its velocity 
exceeds a critical value qiven by: 
For TORTUR III this implies that electrons with up to 10 MeV lonoitu-
dinal enerqy may be confined. 
Because of their low collisionality, runaways may be confined 
much longer than the confinement time of thermal electrons. Runaways 
that do get scattered in pitch anqle may qet trapped in local mirrors 
(field ripple) and produce stronqly enhanced cyclotron radiation. 
Trapped runaways do not carry current, but still a considerable amount 
of energy can be stored in them. 
3.4 Interaction of runaways with collective plasma oscillations 
[ 13' 14' 15' 16' 17' 18' 19' 20 '21] 
The runaway electrons may be immune to Coulomb scatterinq, they still 
can interact with collective plasma modes such as ion-cvclotron waves, 
ion-acoustic waves, Lanqmuir oscillations or drift waves. The reason 
why the interaction exists in spite of the hiqh electron velocity is 
twofold. First, the collective modes bunch ions toqether and thus 
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produce quasi-particles of much larger effective charge than a single 
ion. Second and most important, for ohlique waves the phase velocity 
in the direction of the electron velocity can be indefinitely high, so 
as to allow resonant interaction between wave and electron. The 
Ooppler-shifted resonance condition has the general form: 
+ + 
k•v = wk + nw 
ce 
n=0,±1,±2, .... , 
where z is the direction of the electron velocity (see Fig. 3.3). 
v - w ph,z-~ k 
-- z-direction 
Fiq. 3.3. Interaction of a wave with an electron. 
For n=O the phase velocity in the z-direction equals the elec-
tron speed; the interaction is called Cerenkov resonance. In this res-
onance there is an exchange of energy between the electron and the 
wave. This leads to nonlinear growth of the wave if df(v)/dv > O, e.g. 
on the positive slopes of the electron velocity distribution function. 
Resonance on a negative slope leads to Landau damping of the wave. 
For n=1,2, ••. , the resonant interaction is called the anomalous 
Doppler effect. Here the transverse field of the wave force is in 
resonance with the cyclotron rotation of the electron. The result is 
that longitudinal energy of the electron is converted into transversal 
energy, with, for w « wee, only little exchange with the wave: the 
electron is scattered elastically in pitch angle. The resonance condi-
tion allows interaction of the precipitating electrons with low-
frequency waves. This pitch-angle scattering can lead to electrons 
trapped in local mirrors, to enhanced cyclotron emission and to dis-
sipative trapped electron instabilities. 
For n=-1 ,-2, .•• , the resonance is called the normal Doppler 
effect. It occurs only for waves with wk > wee• e.g. high frequen-
cy electromagnetic waves. Th is mode can convert transverse energy of 
the electron into longitudinal energy. 
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These types of resonance can lead to instabilities of f(v), 
which are generally of a cyclic nature: a tail grows gradually until 
an unstable distribution is formed and nonlinear generation of plasma 
oscillations restores f(v). Such instabilities are usuallv accompanied 
by voltage spikes, current steps, strongly enhanced cyclotron radia-
tion and X-ray bursts [13,14]. 
One type of tail instability, described by Parail and Pogutse, 
is a result of an interplay between the Cerenkov resonance and the 
anomalous Doppler effect. They showed that a developing runaway tail 
goes unstable with respect to the anomalous Doppler effect if the 
highest velocity in the tail (vb) exceeds some critical value, which 
for Langmuir oscillations is [20,21]: 
v > 3(w /w ) 3/z v b ce pe c critical runaway velocity) 
A bump in f(v) is formed which drives the n=O resonance unstable. The 
combined action of the two instabilities then rapidly cuts off the 
runaway tail. 
So far we have been vague about the actual type of collective 
mode that is excited. The reason is that any kind of wave that can 
exist in the specific plasma and satisfies the resonance condition can 
be the vehicle of an instability. Moreover, one type of plasma wave 
couples with various others, which makes the actual process of a com-
plicated nature. 
Papadopoulos [14] proposed a model in which density fluctuations 
produce an enhanced resistivity which results, by increasing the loop 
voltage, in a runaway tail. The latter, in turn, excites hiqh frequen-
cy waves that decay and produce density fluctuations. In this way a 
steady-state anomalous resistivity could be created. We note that in 
this scheme the runaway tail generates the turbulence that produces 
anomalous resistivity. Contrastingly, in the case of current-driven 
turbulence the generation of collective oscillations is due to the 
drift velocity of the thermal bulk. 
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3.5 Current-driven instabilities 
A special class of instabilities that induces anomalous resistivity 
are those driven by the current itself. The main types of 
current-driven instabilities are the Buneman instability (two-stream 
instability), the ion-acoustic instability and the ion-cvclotron 
instability. 
The Buneman instability arises when the rlrift velocity vD 
= i/nee exceeds the electron thermal velocity: 
Buneman 
i.e., when the velocity distributions of the ions and the electrons 
are separated in velocity space. The instability develops within 
10 w- 1 and cuts down the current, thereby heating predominantly the pe 
electrons. Thus Vth,e is increased and the Buneman mode is stabil-
ized. The threshold condition implies that very high current rlensities 
are required for the Runeman instability. In TO~TUR III, for instance, 
the streaming parameter vD/vth,e ~ 0.03. 
The ion-acoustic instability can grow at lower values of v0 , 
when v0 .exceeds the ion-sound velocity vs, but it depenrls criticallv 
on the ratio Te/Ti: 
Ion acoustic 
For T. • T , vs is too close to the thermal-ion velocity, which causes 
1 e 
heavy ion Landau damping. In a pl as ma with Ti • Te, the condition 
on the drift velocity becomes vD > vth,e' in which case we have enter-
ed the domain of the Runeman instability. The actual critical orift 
velocity is a function of Te/Ti (see Fig. 3.4). 
The ion-cyclotron instability is not Landau-dampen and there-
fore can occur in a plasma even when Te/Ti 1. The condition on 
the drift velocity reads: 
Ion cyclotron = 15(T./T )3/ 2 I / i e me mi vth,e ' 
• 2 0 ( T, /T ) 3 / 2 
i e vs [3,16] . 
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Fiq. 3.4. The critical drift velocity for current-driven modes in a hydrogen 
Plasma, as a fur1ction of T8/Ti. (Adapted from J.M. Kindel and C.F. Kennel [3] .) 
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of the current pulse. 
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As is seen in Fig. 3. 4, in the TORTUR III discharge the ion-
cyclotron instahility should be the one most easily triggered [3]. The 
mean drift velocity is subcritical even for this mode. If we take 
q ~ 2 in the centre, we find vD ~ 10 6 m/s, whereas ucr • 1.8x10 6 m/s 
(with Ti/Te • 0.5). However, according to the marginal stability 
concept, a current-driven mode can be triggered due to local and tem-
poral variations of vD even if the mean drift velocity is below 
the critical value. 
Summarizing, we must state that theory is not very clear about 
the type of turbulence that should be present in the TORTUR III 
plasma. Possibly, modes other than current-driven Play an important 
role. We mention gradient-driven modes (drift waves) or 
electron instabilities. The effects of such instabilities 
plasma resistivity are difficult to evaluate. 
3.6 Stability against resistive tearing modes 
trapped 
on the 
In the turbulent heating experiment in TORTUR III, a current spike of 
30 kA is induced on top of the running current. The duration of the 
current pulse is 20 µs. At first, the current does not spread over the 
entire cross-section of the column but runs in a skin of 2.5 cm width 
(the skin time is reduced by turbulence-induced resistivity in the 
skin [6,7] ). This skin current misshapes the hollow q-profile. 
In the normal TORTUR III discharge the q-profile has a form as 
sketched in Fig. 3.Sa. We do not know its shape exactly, because we 
lack information on the actual current density profile. The skin 
current results in a double-valued q-profi le, of a form depicted in 
Fig. 3.Sb. As was shown by Kolfschoten [25] this hollow current densi-
ty profile can be a MHD equilibrium situation. Such a q-profile is un-
stable against the growth of resistive tearing modes, which tend to 
connect the neighbouring rational q-surfaces. Thereby, magnetic is-
lands are formed in the plasma boundary. These modes can grow within 
5 µs [6,7,23,24]. These modes and possibly other mechanisms are as-
sumed responsible for the rapid spread of the current skin over the 
plasma cross-"section that was measured by Kalfsbeek [6,7] in a fore-
runner of TORTUR III (see Fig. 3.6). This process is referred to as 
'skin implosion'. The poloidal field due to the extra current exerts a 
magnetic pressure that is but a small fraction of the pressure of the 
toroidal field. Hence, the toroidal field cannot be pinched and the 
skin implosion has to produce breakage of magnetic field lines. 
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C H A P T E R 4 
EXPERIMENTAL RESULTS 
4. 1 Introduction 
In this chapter the results of recent experiments on the turbulent 
heating of the TORTUR III plasma are presented. A limited amount of 
analysis is offered, and only straightforward conclusions are drawn. 
More involved arguments and an attempt to synthesize a consistent 
physical picture are left for Chapters 5 and 6. 
The experiments all follow basically the same plan. First, a 
mildly turbulent plasma is created which is quasi-stationary during 
more than 20 ms. We call this plasma the basic plasma. Then, a current 
spike is induced on top of the plateau current. A study is made of the 
heating effect of a power iniection of this tvpe. 
Actually, the formation of the basic, mildly turbulent plasma 
is an experiment on Plasma turbulence in itself. The plasma is rapidly 
formed hy the steeply rising (30 kA/ms) predischarge current. After 
this initial highly turbulent phase the plasma can be kept alive in 
one of two distinct quasi-stationary regimes. One we call the classi-
cal tokamak regime, the other is called mildly turbulent. The tokamak 
regime is characterized by a loop voltage of 2 v at a plasma current 
of 20 kA, a central electron temperature of 500 eV and quite narrow 
temperature and density profiles: FWHM(Te) = 7 cm. This state is 
reached if we let the plasma current decay after the predischarge 
current maximum of 45 kA to Ip < 25 kA before we start the supply of 
current with the second capacitor bank. This regime is not the subiect 
of the Present study, but it will be referred to occasionally. 
The mtldly turbulent state is reached if we clamp the current 
directly after the predischarqe, at a level of 30 to 40 kA. In this 
req ime the central electron temperature is tvpically ROO eV and the 
ion temperature 400 eV. The loop vol taqe is anomalousl v hiqh: 5 \T, 
which means E/Ec • 0. 03. Both the temperature and the density Pro-
files are broader in this case: FWHM(Te) = 10 cm. 
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Fiq. 4.A.1. 
Basic plasma parameters as a function 
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e. density; f, radiative loss: 
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On the Thomson-scattering signal deviations from the gaussian are 
observed that are indicative of bunches of electrons moving at v = 
6x10 6 m/s. Thus our basic plasma raises many questions such as why are 
the profiles so broad and what mechanism produces the enhanced resis-
tivity? Results of experiments dedicated to the solution of such 
guest ions are found in Part A of this chapter. 
The superposition of the current pulse on the plateau current 
is really quite another experiment. In this case F./Ec • 5, and we 
may expect strong deformations of the electron velocity distribution. 
After an initial 50 us of turmoil in which the centre is heated and 
cooled again, the plasma seems to resume its basic condition. Then we 
see a transient effect, the rise and decline of which take 5 ms. The 
most striking features are the retarded heating of the ions and elec-
trons, the temporal absence of the hard and the very soft X-ray flux, 
and the marked increase of the low frequency density fluctuations in 
the plasma edge. Measurements of the effects of the heating pulse are 
presented in part B of this chapter. 
As is seen in Chapter 3, collective oscillations that are 
present in the mildly turbulent plasma can interact with the elec-
trons, both thermal and runaway. Some information about the oscilla-
tions is obtained from the Thomson-scattering signal and from density 
fluctuation measurements in the edge plasma. Information about the 
electron velocity distribution function is obtained from Thomson 
scattering, ECE and X-ray measurements. As to X-ravs, our special 
attention has been directed to the development of the runawav tail, 
the population of the superthermal region, the lull in the X-ray emis-
sion directly after the current pulse, anil to the evolution of the 
X-ray spectrum in the 4 ms following the pulse. 
4.A.1. Basic discharge, general results [1,2,3] 
In Fig. 4.A.1, measurements of the basic plasma parameters I , v 1 , p oop 
Te' Ti' ne and the horizontal displacement are shown, together with a 
set of monitor signals: radiative power losses and hard X-rays. We 
notice that the electrons are heated rapidly within the first three 
milliseconds 'of the <Hscharge. The ions are not yet heated in this 
phase. Both the line intensities and the total radiative power loss 
Prad exhibit an inital peak where the plasma burns through the 
radiation barrier. The density is high almost from the very beginning 
of the discharge. 
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Fig. 4.A.2. The evolution of the Te-profile, as measured by ECE. 
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The loop voltage and the plasma current are stationary from 5 
to 25 ms, in which the total power input P is 150 to 175 kW. Of this 
power 50 to 70 kw is lost due to radiation, most of which is line 
radiation and recombination radiation. The remaining 100 kW is lost to 
the limiters by heat and particle transport. A 
= 
rough 
1 • 0 to 
calculation 
2 1.5 m /s, yields for the heat diffusion coefficient DH 
which is a perfectly normal tokamak value. In the plateau about 
= 3/2 (n T + n.T.) x e x plasma volume = 
e e i i 
300 J (T . 
e ,i 
in eV) 
is present in the thermal motion of the particles. The magnetic field 
energy is 2.5x10 5 J. For the energy confinement time T£ = Wp/P, we 
find T£ = 1.5 - 2 ms as a mean value. 
We compare this value to the outcome of some scaling laws: 
TFTR [ 4 ] : T = 7x 10-22 aR 2n q(a) = 2.0 ms , 
£ e 
TFR: 4.9x10- 21 2 - fC!(aT T = a Rne £ 
= 1 • 1 ms , 
and we find that our experimental value is nothing exceptional. 
The hard X-ray monitor shows a spiky activity in the first 
milliseconds, followed by a period of rest. Then, a runaway tail 
develops gradually, until an intense burst marks the end of the dis-
charge. Tvpically « 1 mrem per shot were detected in the direct vicin-
ity of the limiter. 
l"igure 4 .A. 2 shows the development of the radial Te-profile, 
as measured by ECE spectrometry [ 5]. The typical profile is bell-
shaped like a gaussian, hut the central part is peaked more sharply, 
whereas the flanks are relatively flat. The plasma has a hot core with 
a radius of 3 to 4 cm, surrounded by a broaa (4 to 5 cm) laver of 100 
to 300 ev. 
In Fig. 4.A.3a, a Thomson-scattering spectrum is shown. The 
deviations from the gaussian, shown in detail in Fig. 4.A. 3b are 
systematical. Their position corresponds to a velocity, perpenaicular 
to the magnetic field lines, of± 6x10 6 ms- 1 . 
-50-
4.A.2 Basic discharqe, thermal X-ray emission 
A detailed soft X-ray spectrum was obtained with the Si(Li) detector 
(see Fiq. 4.A.4). The spectrum was taken in the interval 2-10 ms, i.e. 
after the initial hard X-ray burst and before the runaway tail has 
<leveloped so far that it spoils the spectrum. It is a comoilation of 
50 shots. The count rate was taken 10 to 20 kHz. The soectrum has been 
corrected for the attenuation in absorbers that were placed between 
detector and plasma: 65.5 micron beryllium, 1.9 cm air, 2 micron 
Makrofol, an<l on the detector: 0.1 micron silicon (<lead layer) an<l 100 
A qold. The transmittance of the detector (3.0 mm Si) which results in 
a <lecreasing <letection efficiency towards hiqher enerqies was also 
brought into account. The energy scale was calibrated at 5.9 keV and 
32.2 keV. The resolution of the detector is 280 eV at 5.9 keV. 
In this spectrum the flux in the enerqy region 1-2 keV is 
dominant. The slope of this part of the spectrum correspon<ls to 
Te = 150 eV. For energies lower than keV the attenuation in the 
foils is too big for a sensible reconstruction of the spectrum. 
In the ranqe 2-4 keV the spectrum is typical of thermal F>mis-
sion of a plasma with Te = 670 eV, which corresponds to the central 
electron temperature. This flux is recoqnized unambiquouslv as the 
continuum emission of the hot olasma core. On too of this continuum a 
distinct hump is found. Fiqure 4.A.5 shows this hump on a linear 
scale, where the thermal continuum has been subtracted from the 
signal. In Table 4.A.1 the relevant lines of compounds of stainless 
steel 305 (the limiter material) are listed. 
TABLE 4.1 
Lines of compounds of stainless steel 
in the enerqy range 2-3 keV [6,7] 
p K-lines 2.0 - 2.3 keV 
s K-lines 2. 3 - 2.6 keV 
Cl K-lines 2.6 - 3.0 keV 
Nb L-lines 2.3 - 2.6 keV 
Small amounts of sulphur and phosphorus are found in stainless steel 
305: maximally 0.030% and 0.045%, resoectively. Chlorine is often 
found in tokamaks as a result of the chemical cleaninq of the vacuum 
chamber. Traces of niobium (or molybdenum in other types) are added to 
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Fig. 4.A.4. Soft X-ray spectrum of the basic plasma, taken with the Si(Li) 
detector. 
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Fig. 4.A.5. Detail of the hump on the spectrum between E = 2 keV and E = 3 keV. 
Two lines are indicated tentatively. 
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the stainless steel to improve the brazing quality. The energy of the 
lines depends on the degree of ionization of the impurity. Correspon-
dingly in Table 4.1 energy ranges rather than specific lines are 
listed. We cannot distinguish sharply particular lines, but in chlo-
rine and niobium we have good candidates to account for the observed 
line radiation. From the observed line intensity we estimate ncl < 
1 0-4 ne [ 6] • 
For energies exceeding 4 keV, the spectrum shows a tail due to 
a non-thermal electron population. 
Results obtained with the four-channel analyser PLATO are pre-
sented in Fig. 4.A.6. The signals of two channeltrons (ch 1 and ch 2) 
and two surface-barrier diodes (ch 3 and ch 4) of three plasma shots 
are shown. In these shots the plasma conditions were unaltered but the 
foil setting differed: 
- In shot A (first column), the vacuum valve between torus and detec-
tor was closed, so that only hard X-rays could penetrate PLATO. 
The signals show hard X-ray activity in the final stage of the dis-
charge. This burst shows little reproducibility, hence subtracting a 
zero shot will not clean the soft X-ray signals from this effect. 
This means that, in the absence of a more sophisticated correction, 
the soft X-ray signals are interpretable only where they exceed the 
hard X-ray contribution by far. 
Furthermore, some dI/dt Pick-up is present on the SBD-signals. This 
occurs in the period that the soft X-ray flux is still low according 
to the undisturbed channeltron signals. 
- In shot B a pair of equal foils were placed before both channel-
trons, and another matched pair before the surface-barrier lliodes. 
Thus mutual calibration of the detectors of one type was performed. 
The sensitivity of the surface-barrier diodes differed about 10%, 
for the channeltrons the difference was about 60%. The following 
foils were used: 
ch CEM 47 µ Be + 8 µ Makrofol FT = 1 % at £ = 1. 12 keV 
ch 2 CEM 48 µ Be + 8 µ Makrofol FT = 1 % at £ = 1. 1 2 keV 
ch 3 SBD 31 µ Be + 8 µ Makrofol FT = 1 % at £ 1. 05 keV 
ch 4 SBD 31 µ Be + 8 µ Makrofol FT = 1 % at £ = 1. 05 keV. 
(FT foil transmission, for the surface-barrier diodes also the 
dead layer and the gold contact layer act as absorbers). 
- In shot C, the foil setting was such that the foil method could be 
applied to infer Te: 
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Fig. 4.A.6. Soft X-ray intensities as measured with PLATO. 
(a) zero shot (valve between plasma and detector closed). 
(b) and (c) two shots with different foil combinations. 
(See text page 52). 
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ch CEM 47 µ Be + 8 µ Makrofol FT = 1 % at £ 1. 1 2 keV 
ch 2 CEM 94 µ Be + 8 µ Makrofol FT = 1 % at £ = 1. 32 keV 
ch 3 SBD 82 µ Be + 8 µ Makrofol FT = 1 % at £ = 1. 28 keV 
ch 4 SBD 31 µ Be + 8 µ 'lakrofol. FT = 1% at £ = 1. 05 keV. 
The signals in column B and c underwent some corrections that 
are briefly mentioned here: the channel tron output was corrected for 
the nonlinearity in the response <Jue to saturation at count rates 
higher than 500 kHz (output 0. 5 V). A saturation model was use<l to 
calculate the time- and intensitv-<lependent correction (see App. A). 
The SBD-siqnals were corrected for base 1 ine drift due to an AC-
coupl inq with a time constant of 200 ms. 
A note on absolute intensities: in the <letermination of Te by 
means of the foil method, the absolute intensity Plays no role. It 
<loes qive, however, information on Zeff• We can compute the signals 
we may expect, adopting laser-scattering values for the electron tem-
perature and ~ensitv profiles, ana assuminq, for instance, an oxyqen 
contamination of 1% (Zeff • 1.5) throughout the plasma. We then find 
the following values: 
CEM-output 
SBD-output 
calculated 50 to 300 kHz 
calculated 5 mV 
measured value.1 MHz; 
measured value 30 mV. 
The uncertainty in the calculated CEM-output stems from uncertainty in 
the cal ihration of CEM' s: the quantum efficiency was found to have 
deteriorated by a factor 10 <luring the experimental perio<l. 
We see that the fluxes are strongly enhanced over the flux of a 
normal, moderately polluted 700 eV tokamak plasma. This fact is in 
accor<lance with the Si (Li) measurements, where the main soft l(-rav 
intensity was foun<l to come from a cool Part of the plasma and not 
from the hot core. This £ < 2 keV flux is strongly enhanced bv some 
mechanism. A <liscussion of this enhancement is presented in Sect. 5.2. 
We can <leduce an apparent Te-value from the measurements by means of 
the foil metho<l. The result is shown in Fiq. 4.A.7. In Fiq. 4.A.8 the 
pro<luct of the spectral intensity and the foil transmission is depict-
ed for typical foils used and the spectrum as measured with the Si(Li) 
detector. •;vidently it is the £ < 2 ke\l flux that mainly determines 
the intensities and, therefore, the inferred temperatures. We are not 
surprised then, to find temperature values in the ranqe 200 to 300 eV, 
namely somewhere between 150 e\7 and the core temperature. Note that 
the three independent measurements of Te are in fair agreement with 
each other. 
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Fig. 4.A.8. 
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We summarize the most important features of the soft X-ray 
measurements in the basic discharqe: 
- the dominant flux is emitted in the region £ < 2 keV, 
this flux is apparently a continuum radiation from a Te = 150 eV 
plasma, 
- this flux begins to qrow at 2 ms, then rises raoidly until 5 ms, 
when the growth suddenly subsides and the intensity more or less 
stabilizes, 
- in the energy range 2 to 4 keV continuum radiation of the hot plasma 
core is dominant, 
- line emission is found at 2.3 to 2.7 keV, orobably due to niobium 
(L-lines) and chlorine (K-lines). 
4,A.3 Basic discharqe, non-thermal X-rav emission 
Measurements in the energy ranqe ?.-30 keV were obtained with the 
Si(Li) detector. In order to get reasonable count rates in the energy 
reqion of interest, the intense low enerqy radiation was filtered out 
with Al- and Be-foils, with a cut-off at £ = 3 keV. The soectrum shown 
in Fiq. 4.A.9 is collected in 12 shots. The pulse-heiqht anafyser was 
gated in the intervals 4-8 ms and 6-10 ms, in six shots each. In the 
figure the thermal continuum is indicated by a line. Due to the ooor 
statistics this spectrum has little detail. Its purpose is merely to 
show how the non-thermal part of the spectrum fits to the thermal 
part. The little plateau near £ = 6 keV occurs systematically. This 
feature is discussed in Section 5.4. 
Figure 4.A.10 shows two hard X-ray spectra taken with the Na! 
detector, in the intervals 2-4.5 and 4.5-7 ms. They are corrected for 
the distortion due to the compton effect in the crystal. The dip at 40 
keV is an artefact due to a diaohraqm used: a stainless steel plate of 
mm thickness, containing an aperture. As 1 mm of stainless steel has 
a cut-off at 40 keV, the field of view of the detector is much larger 
for photons of hiqher energy than for the softer ones. This effect 
causes the observed dip. In the figure the function Tr(£) = 1+Ax'J'M 
(with TM = transmission mm Fe) is shown, for A = 5. The constant A 
denotes the ratio of the area of the steel plate seen by the detector 
to the area of the aperture. A is not well-known, hence we cannot 
perform an accurate correction. 
The general conclusion is that a runaway tail grows with time 
and reaches enerqies exceedinq 750 keV. 
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Fig. 4.A.9. Soft X-ray spectrum of the basic plasma, taken with the Si(Li) 
detector; low energy part filtered out. 
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More detailed information on the development of the tail is 
shown in Figs. 4.A.11a,b. In this experiment the siqnal from the NaI 
detector was stored in a 32 kbyte ADC, with a time resolution of 
0.25 µs. In this way, the individual pulses could be plotted for an 
interval of 8 ms per shot. The enerqy ranqe was divided into sections 
of about 1 00 keV, and the pulses in each section were count ea. Thus, 
from 9 shots, a crude spectrum was obtained with a time resolution of 
0.5 ms. Here, spectral resolution has been sacrificed in the favour of 
time resolution. In Fiq. 4.A.1 lb also the enerqy of a free fallinq 
electron is plotted as a function of time. 
4.B.1 Heating pulse, general results 
Measurements of a number of plasma parameters are shown in Figs. 
4.B.la,b,c, on three different timescales. The first set, Fiq. 4.B.la, 
qives an impression of the heating pulse and its effects on a long 
timescale, so that a direct comparison with the basic nischarge is 
possible. 
More detailed information is conveyed by the set 4.B.lb. We see 
that the intensity S(k) of the low frequency (0 to 200 kHz) density 
fluctuations rises within 0.7 ms to a stronqly enhanced value, where-
after it falls back to the initial value in 2 to 4 ms. We must remark 
that the rise miqht actually be faster than is shown in the fiqure: in 
the 0.5 ms followinq the pulse, measurements were hampered by a hiqh 
noise level [ 9]. The central electron temperature, as measured by 
Thomson scattering and F.CE rises steadily and reaches its maximum 
after 2 ms. The subsequent decay is characterizea by a time constant 
' = 1.7 ms, which is the energy confinement time, clearly. The central 
ion temperature shows rouqhly the same behaviour. 
The electron temperature at r = 60 mm shows a distinct dip, re-
flective of a sharpening of the peaked Te-profile. This dip develops 
within 50 µ s after the heating pulse. On the same timescale, strong 
variations of ne are observed (Thomson-scattering data), but the 
density recovers its normal value in about 0.5 ms. 
On a µs timescale (Fiq. 4.B.lc), a very fast heatinq effect is 
found in the plasma centre. It is accompanied by a density increase. 
Simultaneously coolinq and rarefaction are observed at r = 60 mm. 
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Sometimes Thomson-scattering spectra 
tion at r = 60 mm. Also ECE shows the 
indicate a Te "" 
existence of an 
3 keV popula-
£ = 5 to 10 keV 
population in the first 100 µs after the pulse ( 100 µs = F:CF: time 
resolution). These are all observations of fast transient effects: at 
t = 50 µs Te and ne have resumed their normal values. 
The hard X-ray monitor records an intense burst 20 to 50 µs 
after the oulse. Even faster an increase of the line radiation inten-
sity of the low ionization states of impurities develops. 
The functional dependence of S(k), 'l'e and Ti on the height 
of the current oulse is shown in Fig. 4.B.2. We observe that these 
quantities all scale linearly with (Hp) 2 • It has been established 
experimentally that 8! scales linearly with the aoplied voltage 8V and 
that (8!) 2 - puls! IVdt. Hence, (8! 0 )
2 is a measure of the energy 
input during the pulse. Furthermore, we notice that the electron heat-
ing breaks down for current pulses 8Ip > 35 kA. This break-down is 
measured both with Thomson scattering and ECE. ECE records a violent 
oscillation of the Te-profile (f • 10 kHz, 8r • 5 cm), and at times 
the Te-profile is completely flat [ 5]. Strikingly, the ion heating 
remains effective for pulses up to 50 kA. 
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4.B.2 Heating pulse, X-ray measurements 
As is shown in Fig. 4.B.1c, the hard X-ray monitor records an intense 
hard X-ray burst 20 to 50 µs after the application of the heatinq 
pulse. In the period thereafter, however, the hard X-ray intensity is 
very low. In Fig. 4.B.3, spectra taken with the NaI scintillator are 
shown, recorded in the period before the pulse 4-7 ms, and directly 
after the pulse 7-9. In this experiment the heating pulse was trigqer-
ed at 7,0 ms. It is observed that after the pulse the tail is trun-
cated effectively. The explanation is that, due to the pulse, the 
population of fast electrons escapes to the wall, thereby qeneratinq 
the hard X-ray burst recorded with the monitor. The subi ect wi 11 be 
treated in more detail in Chapter 5. 
The soft X-ray flux all hut vanishes after the pulse. This 
phenomenon was recorded with several types of detectors: the channel-
trons (Fiq. 4.B.4a), the surface-barrier diodes (Fiq. 4.B.4b), and the 
Si(Li) detector. Only the £ ~ 2 keV flux, dominant before the pulse, 
that shows this dip. The thermal continuum from the hot core remains 
intact, as will be shown next. 
A series of measurements was dedicated to the studv of.the evo-
lution of the soft X-ray spectrum in the milliseconds after the pulse. 
This series differed from the Precedinq ones in that qaspuffinq was 
applied. Gas was puffed by the end of the discharge to suppress exces-
sive hard X-ray radiation at the termination of the discharge. An ad-
di ti.onal qaspuff was applied during the ilischarge, ms before the 
heating pulse. The gaspuffs turned out to have some influence on the 
discharge: the basic central electron temperature was lowered to 550 
ev, the loop voltaqe was lowered to 3.5 v and the heatinq of the 
electrons by the heating pulse was much more effective: 6Te = 290 eV 
when 6Ip = 26 kA with qaspuff, whereas 6Te = 150 eV for the same 
current pulse without qaspuff. A characterization of the qaspuffed 
discharqe is qiven in Fiq. 4.8.5. 
For the X-ray spectra the lower loop voltaqe, resultinq in a 
less populated runaway tail, means that the thermal continuum can he 
measured more purely, up to 5 keV. In order to measure the effect of 
the heating pulse on the spectrum in the reqion 3-20 keV, the softer 
photons were filtered out with 18 micron Al and 65 micron Be. Spectra 
taken in the four milliseconds after the pulse are shown in Fiq. 4.B.6 
on a semilog scale. 
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C H A P T E R 5 
INTERPRETATION OF THE X-RAY MEASUREMENTS 
5. 1 Introduction 
In this chapter the X-ray measurements are subjected to a more careful 
analysis. The different contributions to the flux are Pulled apart and 
examined. Four spectral intervals are discussed in separate sections. 
Results of other diagnostics are mentioned if necessary for the inter-
pretation. Though in some instances we prelude on the discussion of 
the effects of the heating pulse, the thorough discussion on this 
topic is deferred to Chapter 6. The scope of the present chapter is to 
investigate the information obtained from the X-ray measurements. 
5.2 The spectral reqion 1 to 2 keV 
(Data presented in Sections 4.A.2 and 4.B.2.) 
In the spectral region 1 to 2 keV a soft X-ray flux of hiqh intensitv 
is measured. In this section this flux is referred to as 'the flux'. 
'l'he spectrum corresponds to radiation from a plasma with an apparent 
electron temperature of 150 eV, which is well below the central Te· 
Both with PLATO and with the Si(Li) detector this flux has been mea-
sured, at three different diagnostic ports, and with various field 
angles. The flux starts to rise at t = 2 ms, and decays at t = 15 to 
20 ms, well before the end of the discharge. If the heatinq oulse is 
applied, the flux drops sharply, to recuperate within 3 ms. 
The question is where and how this flux is generated. By means 
of inspection pinholes in the Be-foils have been eliminated as a pos-
sible explanation of the observed spectrum [ 1]. Consequently, the 
source of the flux is sought in the plasma and then two distinct pos-
sibilities come to mind: 
A. Line radiation of heavy impurities such as iron is held responsi-
ble. The flux is qenerated in the plasma core in this case. 
B. The thermal radiation of the outer plasma zone is stronqly enhanced 
either by recombination of impurity ions or by wall contact. 
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Possibility 'A is eliminated. First the relevant lines of iron 
lay in the energy range 950 to 1150 eV, whereas the enhanced flux 
stretches to 1. 8 keV. One might argue that the measured spectrum is 
the far wing of strong 1 in es at - 1 keV. However, the system has too 
qood a resolution. In Fig. 5.1 the Fess calihration lines (these heinq 
the calibration lines of lowest enerqy available) are depicted on a 
semilog scale. If we were to interpret the hiqh enerqv wing as thermal 
radiation from a Plasma, we would find Te (apparent) = 60 eV. 'At 
lower energy the resolution of the system is probably better. Further-
more, accorcl inq to the VUV measurements, oxygen anrl carbon are the 
clominant impurities, and only little iron is present in the plasma. We 
also remark that not much is seen of iron R-lines (6.6 keV) in the X-
ray spectra. Moreover, the soft flux rleclines well before the plasma 
has decayed, and it shows a dip after the heating pulse. These two 
effects cannot be explained if impurities in the plasma core were to 
account for the enhanced flux. Hence, we can reject possibility 'A anrl 
conclude that, anyhow, the flux is generated somewhere near the plasma 
boundary. 
Two mechanisms to enhance the radiation of the edqe plasma are 
considered: recombination of light impurities, e.q. oxygen and wall 
contact, e.g. bremsstrahlung production by fast plasma particles 
hitting the liner. 
The possibility that the outer plasma is polluted with oxygen 
anrl as a consequence, exhibits a strongly enhancerl soft x-rav flux has 
been the subject of a separate study [ 1], of which some results are 
mentioned here. The irlea is that after the plasma formation, oxygen is 
released from the wall in the form of water or metallic oxirles. The 
oxygen is ionized stepwise while it penetrates the Plasma. The state 
0 6+ is reached within 2 ms, but further ionization is slow. For the 
rliffusion rate we can only oive an estimate on the basis of a scaling 
law for anomalous diffusion: D - I~/ne [2,3,4]. We found that it takes 
an oxygen blanket - 50 ms to spread over the entire column. Thus it is 
marginally possible that an oxygen blanket is maintainerl during 15 ms, 
when the X-ray flux is maximal. 
An oxygen density profile that amounts to Per = 50% (Per = 
L n ·+l!L n ·+ + n +ll at the limiter and spreading 2 cm into the 
. OJ . OJ H 
J J plasma was found to provide an explanation for the PLATO measurements 
(high absolute intensity and low foil method deduced temperatures), 
provided that the impurity content of the plasma core is low: 0.2% of 
1 
5.0 
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Fig. 5.1. Detail of the 5.9 and 6.5 keV calibration lines, 
measured with the Si(Li) detector. 
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-73-
oxygen. Figure 5.2a shows the radial profiles of ne, Te and the 
oxygen content. The emissivity profiles that result from various 
oxygen density profiles are shown in Fig. 5.2b. Here, the emissivity 
is defined as the soft X-ray intensity of a test volume, as detected 
by a channeltron screened by 46 µ Be and 8 µ Makrofol. It is seen that 
the desired shape of the emissivity profile, e.g. peaked in the outer 
region, can be achieved readily. 
Whereas the PLATO results can be explained with the oxygen 
blanket hypothesis, the latter is not fully compatible with the Si(Li) 
spectral measurements. In Fig. 5.3a, the calculated spectrum is shown 
together with the measured spectrum. Here the oxygen blanket is driven 
to its extreme: a rectangular profile with near to 100% oxygen at the 
limiter, in order to produce a knee in the spectrum as sharp as possi-
ble. The radial profiles of Te and ne are typical for the plasma 
of which the spectrum was taken. The absolute intensity of the cal-
culated spectrum is computed for the collimation system used. In order 
to get agreement between the measured spectrum and the computed one in 
the thermal range 2-5 keV, we should account for an overall oxyaen 
contamination that amounts to 1% in the centre. If we do so, the knee 
almost vanishes in the computed spectrum (see Fia. 5.3b). In the 
energy range 1 to 2 keV agreement is not achieved. 
In the light of these observations we must now conclude that 
not only an oxygen blanket can be held responsible for the measured 
flux. 
Next, we turn our attention to the possible generation of soft 
X-rays due to plasma-wall contact. Much care was taken to collimate 
the X-ray detection systems properly. The field of view of the Si(Li) 
detector has a cross-section of only a few millimetres. Therefore, it 
is most unlikely that radiation from the rim of the diagnostic port is 
detected. Also radiation from the limiters cannot reach the detector. 
Then the part of the liner facing the diagnostic port is the 
most likely origin of the detected flux. This is in agreement with the 
observation that the measured spectrum does not depend critically on 
the field of view, nor on the diagnostic Port used. 
In Fig. 5.4, examples of PLATO signals are shown for different 
evolutions or the plasma current and the horizontal displacement. From 
these measurements we conclude that there is no clear correlation 
between the inward or outward disPlacement of the column and the soft 
X-ray intensity. A more allusive correlation is found between the soft 
X-ray intensity and dI/ilt: if the current subsides, the flux col-
lapses. The following interpretation is evoked by this observation. 
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The ilecreasing current is indicative of a narrowing current density 
profile: if ilI/dt < 0 while V1oop remains at the same level, we must 
have rlLi/ilt > 0, where Li is the internal self-iniluctance of the 
olasma current. Rut also a resistive effect may cause the narrowing: 
if the olasma cools, it noes so first in the outer layer. Hence, that 
is where the resistivity rises and the current aensity drops. l\nyway, 
the narrowing of the current ilensity profile goes together with cool-
ing in the outer plasma region, which reduces the generation of X-rays 
at the 1 iner. 
The fact that the spectrum shows an apparent temperature of 
150 eV signifies that the temperature and density profiles stretch to 
the liner with high values, to show a sharp drop at the very edge of 
the plasma. Such a conclusion is in accord with the ECE-results which 
show a temperature of about 100 ev at the limiter radius. Further cor-
roboration is obtained from the visible light spectrum, where the 
lowest ionization states dominate. Not much is seen of the states that 
correspond to the temperature range 10 to 50 eV. The VUV spectrum, on 
the other hand, mainly shows lines of 0 6+ and o7+, emitted from the 
hot oart of the plasma. The observations indicate that the Te-pro-
file has a sharp gradient in the range 1n-50 eV, evidently because 
this is the radiation barrier of the light impurities. The low ioniza-
tion states of oxvgen are found in the scraoe-off laver, where Te is 
tvpically a few electron volts. 
l\s a conclusion of this discussion we make the following state-
ments: 
the X-ray flux in the spectral region 1.3 to 2 keV is generated near 
the plasma boundary and not in the core of the plasma, 
- most likely, the flux is a result of loss (through diffusion) of 
'hot' electrons made possible by the broad current density profiles. 
The fall of the flux directly after the heating pulse is now 
explained as strong cooling of the edge plasma. Further discussion on 
this topic is found in Chapter 6. 
5.3 The spectral region 2 to 5 keV 
(Data presented in Sections 4.A.2 ana 4.B.2.) 
Measurements in the spectral region 2 to 5 keV were done exclusivelv 
with the Si(Li) detector. The intensity in this region is too low to 
use the time resolving detection system PLATO. 
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Fiq. 5.4. PLATO signal for various discharqe conditions. The soft X-ray (SXR) 
the flux, the horizontal shift (HS) of the column, the loop voltaqe 
and the plasma current are shown here. 
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The spectrum exhibits no peculiarities, it is a Plain spectrum 
from a thermal plasma. The line radiation (Section 4.A.2) at < = 2 to 
3 keV does not hamper the determination of the electron temperature. 
The temperatures measured are in qood aqreement with the Thomson-
scatterinq data. 
Calculation of the field anqle of the collimation svstem en-
ables the direct comparison of shape and absolute intensities of the 
measured spectrum and the calculated spectrum. Fiqure 5.3b shows both 
spectra. In order to fit the slopes of the spectra, we must take 
Te(O) = 800 eV for the calculations, whereas the slopes correspond to 
Te = 700 eV. Of course, the value of Te deduced from the slope of 
the spectrum somewhat underestimates the top-value of the Te-profile, 
because also the near central plasma has a significant contribution to 
the flux. For the thermal continuum part an enhancement by a factor of 
5 over thermal radiation of a pure hydroqen plasma is found. If oxygen 
is taken as the dominant impurity, we find a relative density (assum-
ing corona equilibrium): 
± 0.5% . 
The error is the estimated uncertainty in the calculation of the field 
angle of the collimation system. 
The correspondinq value of the effective ion charqe is: 
Zeff= 1.5 ± 0.3 • 
In the TORTUR discharge corona equilibrium might not be reached, as 
the ionization of 0 6+ and o 7+ takes on the order of 10 ms, larqely 
depending on the local electron temperature and density (5]. If 0 6+ is 
taken as the dominant state, we find: 
Zeff = 2 ± 0.5 • 
For comparison: the density ne was found to scale with IP accordinq to 
Murakami's limit, adoptinq Zeff • 2. 
-77-
5.4 The spectral region 5 to 30 keV 
(Data presented in Sections 4.A.3 and 4.B.2.) 
First we remark that in this region the measurements with the Si(Li) 
detector are subject to two experimental difficulties: the low count 
rate and the danger of a pile-up contribution from the lower eneray 
part of the spectrum. Therefore, we have poor spectral resolution in 
this region and the experimental error prohibits rigorous conclusions 
as to the identification of lines or subtle deformations of the 
electron energy distribution function. Moreover, we cannot distinguish 
between the contribution from the plasma column and that generated at 
the wall. The two melt together and in this region it is not clear 
which one is dominant. For these reasons, we must abstain from any 
quantitative interpretation in the region 10 to 30 keV. We can merely 
say that a tail is observed and we make the general observation that 
the intensity of the tail is lower in the discharges with qaspuff than 
in those without. This fact flows naturally from the higher electron 
temperature and higher loop voltage which enhance the ratio E/Ec and 
hence the runaway production in the discharges without gaspuff. 
Information on the spectral reqion 15 to 30 keV is also obtain-
ed from measurements with the NaI(Tl) detector. Two observations are 
made. Fitst: the intensity of the tail increases during the first 7 ms 
of the discharge (see Fig. 4.A.10) (at t = 7 ms the measurement stop-
ped, not the development of the tail). Second: in the 2 ms following 
the heating pulse, the tail intensity is increased at energies lower 
than 30 keV. The first effect reflects the rather slow development of 
the runaway tail, which is also shown clearly in Fig. 4.A.11a,b. 
The second observation is explained by the enhanced runaway production 
after the pulse, which results from the increase of Te and, as we 
shall see, from the somewhat higher electric field. 
We now return to a lower energy part of the soectrum. As is 
seen in Figs. 4.A.9 and 4.B.6 the spectra exhibit a little plateau 
around 5.5 keV. The probable exolanation is line radiation, e.g. 
K-lines of Cr, Ni, and Fe; the main compounds of stainless steel. The 
intensity of the lines is low and in discharges without gaspuff they 
are drowned in the tail. 
We could also seek the explanation of the plateau in a non-
thermal feature of the electron energy distribution function g(o). In 
order to investigate the effect of a hump in the distribution, we cal-
culate the spectrum of a distribution of the form: 
I 
1 
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q (8) 
with a maxwellian Part q (E) = 
m 
and a sharp hump 
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The kinetic enerqy density in the maxwellian µart is W = fcq (c)dE = 
m m 
3/2 ne,mTe' in the humµ Wh = ne,h"h" 
As particles of both parts of the distribution scatter on the same ion 
cloud, we may reduce the functional expression for the spectrum to 
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Two parameters determine the sµectral deformation clue to the hump: 
"hand Wh/Wm· In Fig. 5.5, calculated sµectra are shown for clif-
ferent values of "h and Wh/Wm· In order to qet more qeneral 
results, all enerqies are expressecl in units of Te· 
A plateau as observed in the measurecl spectra could be the 
result of a hump in g(c) at about 7 keV, with a total enerqy content 
of less than 1% of the energy in the thermal bulk. 
For completeness, also the spectrum of a tail distribution is 
calculated: 
qt ( E) = n e,t E ' "t "t 
= n E > 
"t 
wt = ~ ne,te:t , 
It(E) const. 2 (~ IE) ( = n - E "t e,t 
"t 
= 0 E > E 
t 
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The analysis is completely analogous to the case of the hump. 
The results are shown in Fiq. 5.5. It is observed that for the spec-
trum a hump and a tail are not that different: the deformation due to 
the tail is more smooth and is more pronounced on the low enerqy side. 
Since we see that the little plateau in the spectrum is always 
found at < = 5.5 keV (see Fiq. 4.R.6) and tbat it does not alter much 
in the milliseconds after the pulse, when a new tail is growinq, we 
conclude that it is indeed line radiation and not an effect of a hump 
in the tail distribution. The latter would be of a less stable nature. 
Fiqure 5.5 also makes clear that if a hump or tail distribution 
is present that carries an enerqy comparable to the enerqy in the 
thermal population, such a distribution produces a qiant deformation 
of the thermal spectrum. Nothing of the sort is observed (see Figs. 
4.A.4, 4.A.10, 4.B.6), not before and not after the pulse. Hence, we 
conclude that such a superthermal population can only be present in 
the plasma during a time much shorter than the time resolution of the 
Si(Li) measurements: 1 ms after the pulse. 
5.5 The spectral region 30 keV to 2 MeV 
(Data presented in Sections 4.A.3 and 4.B.2) 
Measurements in this region involve the spectral measurements with the 
NaI(Tl) detector, the monitorinq of the spectral evolution of the tail 
and the high time resolution measurement of the hard X-ray flux. The 
hiqh enerqy tail under consideration here is partly qenerated at the 
wall. This part reflects the enerqy distribution of the escapinq elec-
trons rather than that of the trapped electrons. Furthermore, the 
spectrum is deformed by two effects: fluorescence of lead, leadinq to 
a peak at 80 ke\/, and, for oho tons of enerqy exceerl inq 0. 5 "le\/, the 
angle of view is drastically enlarqed because the lead castle becomes 
transparent. Then, the emission of photons by relativistic electrons 
is peaked in the direction of the electron velocity. 
Hampered by these distortions of the spectrum we are not able 
to make bold statements on the density of the runaway electrons or the 
enerqy distribution function of the tail. Still the measurements do 
convey much valuable information on the runaway electrons in the 
TORTUR III plasma. 
The first, most general conclusion is that the tail stretches 
to enerqies exceedinq 1.3 "leV, which ensures that we have qot authen-
tic runaways in the basic discharqe. Evidently, if a tail truncatinq 
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mechanism is active, it is not fully effective. 
The second observation is that the fastest electrons have ex-
perienced a free fall. In Fig. 4.A.12 we see that a flux of. photons 
with energies exceedinq 1.3 MeV beqins to rise at t 6 ms. The 
electrons of longest confinement have been accelerated from t = 1.5 ms 
on, when the runaways generated in the predischarqe are ii umped. From 
Fig. 3.4 we see that 4.5 ms free fall in a field of 1.5 V/m brings an 
electron to an enerqy of about 1. 3 MeV. Hence, the free-fall moil el 
applies for the runaways in the basic plasma. 
Next, we observe that in the entire soectral reqion e > 500 keV 
the flux starts to rise only at t = 6 ms. If electrons of "e > 1.2 MeV 
are present in the plasma at t = 6 ms, then obviously electrons of 
less enerqy are present alreaily in an earlier staqe of the ilischarqe. 
They only ilo not come out. The thiril conclusion therefore is that the 
confinement time of the runaways in the enerqy ranoe 0.5 to 1.2 MeV is 
at least 4.5 ms. Here, also a confirmation is founil of the statement 
that part of the observeil flux oriqinates from electrons hittinq the 
limiters. 
In the interval 20 to 50 µs after the heating pulse, a burst of 
hard X-rays is recorded by the monitor. Neither the monitor, nor the 
NaI(Tl) iletector, nor the Si(Li) detector (used with low amPlifica-
tion) show any hard X-ray activity directly after the burst. As, 
especially in the e < 100 keV region, the flux qenerated in the plasma 
by the runaway population shoulil be detected, this observation indica-
tes a total loss of the runaway population. 
The spectrum taken in the period 0 to 2 ms after the pulse 
shows a short tail, stretching to about 150 keV (see Fiq. 4.B.3). This 
tail has developed during the measuring interval. 
In the ECE-spectra, non-thermal emission is found at wave-
lengths corresponding to Positions in the outer half of the column. 
This is attributeil to the relativistically shifteil railiation from a 
tail population (<e • 70 keV) in the central plasma. After the pulse 
this emission vanishes, to come back within 4 ms. This observation, 
too, implies that the tail PoPulation in the central plasma qets lost 
after the pulse. Takinq X-ray measurements and ECE-results together, 
we conclude that after the pulse all runaways are ilumPeil. This inili-
cates the breaking of the magnetic field lines. We stress that the 
runaways qet lost on a typical MHD timescale. Normal transport oper-
ates on a timescale of milliseconds. In reverse, we deduce from the 
long confinement of runaways in the basic ilischarqe that here the 
magnetic flux surfaces are undisturbed, which means that there is 
little MHD activity. 
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5.6 Conclusions 
We recapitulate the conclusions we have deduced from the analysis of 
the X-ray measurements: 
* The < < 2 keV flux is qeneraten in the edqe plasma (presumably at 
the wall) and is mainly determined by the width of the current 
density profile. 
* In the central plasma Zeff • 1.5 - 2, 
* Weak impurity lines are found at 2 to 3 keV (probably Cl and Nb) and 
at 5.5 to 7 keV (Cr, Fe, Ni). 
* In the basic discharqe, the confinement time of runaway electrons is 
at least 4.5 ms, indicative of a qood MHD stability. 
* At least part of the runaway electrons experience a free fall. 
* Neither in the basic discharqe, nor after the pulse, a superthermal 
population with an enerqy content comparable to nkT exists in the 
ranqe 1 to 100 keV lonqer than 0,5 ms. 
* Directly after the pulse, all runaways are dumped, presumably due to 
the braidinq of the maqnetic field lines by MHD activity. 
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C H A P T E R 6 
GENERAL INTERPRETATION AND DISCUSSION 
6.1 Introduction 
In the preceding chapters a synopsis was presented of the experimental 
data concerning the TORTUR III basic plasma and the effects of the 
application of a short high-voltage pulse. An effort has been made to 
come to an understanding of the measurements. As a result we now have 
an accumulation of experimentally established facts. The piecing 
together of a coherent physical picture will be the theme of the 
present chapter. 
First, our attention is directed to the basic discharge, which 
is special for its anomalously hiqh loop voltage and its broad pro-
files. T"wo papers concerning this topic have been published recently 
[1,2]. An account of our present view is presented in Section 6.2. 
Second, we will focus on the heating pulse experiments. The 
first twenty microseconds after the triggering of the high-voltage 
capacitor bank are the subject of Section 6.3. Thev bring the penetra-
tion and extraction of the current pulse, the expulsion of the runaway 
electrons and the fast rise and decline of the temperature. 
The third item to be tackled is the phenomenon of the delayed 
heating. This heating is proportional to the energy delivered by the 
pulse, which suggests that it is this energy which transforms into 
heat. However, the heating is observed 2 ms after the pulse, whereas 
the energy confinement time < 0 is but 1. 7 ms. Hence, we ask: 'where 
in the plasma is this energy stored and how does it survive so long?' 
Various schemes that have been Proposed to explain the phenomenon of 
the delayed heating are discussed in Section 6.4. Also a new model is 
presented. In Section 6.5 this model is analysed quantitatively and 
checked against the experimental results. Section 6.6 is a summing up 
of the conclusions derived from the heating pulse experiments. 
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6.2 The basic discharqe 
The basic discharqe is started up with a hiqh 
steeply risinq ( 30 kA/ms) plasma current. During 
loop vol taqe and a 
the current rise a 
current skin is maintained. Since the ions are cold in this phase, 
ion-acoustic turbulence is excited, which rapidly heats the electrons. 
When the current eventually has reached its plateau value, the plasma 
is hot: Te • 3Ti • 1000 eV at t = 3 ms [ 1,2,3]. The temperatures 
take on their plateau values Te • 2Ti • 700 eV a few mill isecon<ls 
later. We shall beqin our discussion at this point. 
First, we will attack the question: is the plateau plasma 
turbulent or not? In order to find the answer we calculate Zeff with 
the assumption that the resistivity is classical (Spitzer resis-
tivity). The followinq profile functions approximate the observed 
profiles 
x = r/a , (a: limiter radius) 
-2x 2 700 e eV , 
2 
-x 
e 
The Spitzer resistivity is given by: 
n -r . e 2 
e c ,e1 
with '( . 
c,e1 6.90x10
11 
which is approximated by (take inA = 15): 
(Te in eV) 
Furthermore, the followinq relations are used: 
j(x) = E/~(x) and 
x 
I(x) = 2na 2 f j(x' )x'dx' • 
0 
For the total current we fin<l (with a= 0.08 m and E - 1.5 V/m): 
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I S . = 240 kA , p,. p1tzer Zeff 
whereas the measured plasma current is 30 to 35 kA. Matchino the two 
values yields: 
z = 7 to 8 , compared to 
"eff ,Spitzer 
z = 1.5 to 2 , measured with soft X-rays. 
eff,exp 
Evidently, the Spitzer resistivity expression is not valid and some 
resistivity-enhancing mechanism is active. We exclude Zeff as a pos-
sible source of the enhanced resistivity. Hence, we conclude that the 
plasma is turhulent. 
This turbulence is of a steady nature: plasma current and loop 
voltage are essentially constant over more than 20 ms. Moreover, the 
plasma finds back its basic discharge state even after the perturba-
tion due to the turbulent heating pulse. For these reasons we think of 
a weak current-driven instability as the source of the enhanced resis-
tivity. Such an instability depends only on the macroscopic discharoe 
parameters and 
population. As 
instabilities, 
easiest in our 
is insensitive to 
was pointed out in 
the electrostatic 
plasma conditions. 
the variation of the runaway tail 
Section 3.5, of the current-driven 
ion-cyclotron type will be triggered 
We recall the onset condition: 
If Spitzer resistivity alone were to limit v 0 , this threshold would be 
reached: in the centre, with Zeff = 2, vD/vs • 7. Hence, we may expect 
the instability to be triqqered and we shall assume that the effective 
resistivity is given by the marginal stability condition: 
vD = Yv 8 , with y > 1 and y - n~l/Z 
This relation refers to vD averaged over many growth times of the 
instability. The next step will be to calculate the current-density 
profile according to this concept: 
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In Fiq. 6.1a, the thus calculated profiles of i and q are compared to 
those followinq from classical resistivity. For the total plasma 
current we now find: 
Ip = Y 0 26 kA . 
Matching this value to the experimental Ip,exp = 30 to 35 kA yields: 
Y
0
=1.3, 
which satisfies the condition y ~ 1. The mean drift velocity is 0.2 to 
0.4 Ucr• but is high enough in fluctuations to mildly excite the 
electrostatic ion-cyclotron waves in the way sketched in Section 3.2. 
A general expression for the effective collision frequency 
induced by collective oscillations is of the form: 
w 
veff = const. nkT wpe ( 6 • 1 ) 
where Wis the wave enerqy density [4,10]. The constant is of the 
order of n. 1 to 1. We see that onl v w • 1 o- 3 nkT need to be oresent in 
waves to account for the resistance anomaly of a factor of four. (See 
Table 1.3.) 
Experimental evidence of the occurrence of ion-cyclotron oscil-
lations is found in the density fluctuation spectrum. It follows from 
theory that the excited waves have maximum qrowth for 
at w • 1.2wci [5,6] • 
Substituting TORTUR III values, we find: 
k • 1000 m- 1 l (A 1 • 6 mm) w • 350 MHz • 
These waves are observed in the 4-mm scattering spectrum. Also contri-
butions at 100-200 kHz (drift waves) and around 1 MHz are observed. 
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In conclusion, we think that the electrostatic ion-cyclotron 
current-driven instability is the source of the enhanced resistivitv. 
It may couple to magnetic sound [5] and drift waves. However, the 
precise mechanism is not fully understood. If we want to know how the 
anomalous resistivity depends on the current and other plasma param-
eters, we can best use experimental data. For variation of the plasma 
current Ip we found [1 ]: 
T 
e 
n 
e 
nan/ncl 
I 
I 
I 
p 
p 
p 
( 6. 2a) 
( 6. 2b) 
( 6. 2c) 
'!'he drift velocity is constant for variation of Ip in our case, as 
VD - Ip/ne. 
For the scaling of nan with ;, ne and Te, we write 
From the above experimentally established relations, we derive 
"1 + "2 + <l3 = 1 2 
( 6. 3) 
( 6. 4) 
We cannot derive the specific dependencies because the variations of 
le, ne and Te are coupled in our case. As a second input we use 
the relation: 
+ 
In the stationary phase of a discharge, the electric field P, is con-
stant over the cross-section, hence: 
( 6. 5) 
Combining Eqs. (6.3), (6.4), (6 •. 5) yields 
The n 
an 
( 6. 1 ) for 
tions: 
( 6. 6) 
-
1I 2 d d · · t t · th th 1 · ne epen ence is cons1s en w1 e genera expression 
the effective collision frequency due to collective oscilla-
veff - w pe li1 + e n an 
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- v /n - n-1/2 
eff e e 
The experimental results (6.2a,b,c) are consistent with the TFR 
scaling law for T 0 • The latter reads: 
Hence, 
T - n 1-q - n 1- 1 / 2 
£ e e p 
1s/2 n T-3/2 p e e 
r2 
p 
whereas by definition 
12 
p 
(use (6.2a) and (6.2b)) , 
for TORTUR II I ( ( 6. 2a) and ( 6. 2b) ) . 
general impact of Eq. (6.6) 
mucb slower than ncl· This 
is that nan declines with increasing 
means that in a mildly turbulent 
plasma ohmic heating is effective to higher temperatures than is the 
case in a classical plasma. Furthermore, nan does not rise sharply 
with increasing current density. These results are found quite gener-
ally in mildly turbulent plasmas [7,8). 
The reason that the current-driven instability does not impose 
a hard limit upon j (or rather: v D) is that the mean drift velocity 
is still well below the critical value ucr· The anomalous resistivi-
ty arises from the repeated rise and quenching of the instability, 
which orocess takes many growth times of the particular mode. Only if 
the mean drift velocity is driven up to Ucr• the anomalous resis-
tivity rises sharply, typically a factor 10 4 or more [9,10). 
Finally, we want to remark that it is most unlikely that the 
shape and population of the runaway tail are important parameters in 
our discharge. As is seen from X-ray measurements the runaway tail 
grows steadily, then is cut off by the heating pulse, whereafter its 
growth starts aqain. Moreover, in some experiments qas puffinq was ap-
plied, in which case runaway production was suppressed effectively as 
follows from X-ray spectra and from the Production of hard X-rays dur-
ing the termination of the discharge. With these different tail popu-
lations always essentially the same macroscopical behaviour was found. 
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6.3 During the current pulse and shortly after 
In this section we will discuss the immediate effect of the fast heat-
ing pulse. First, we investigate the effect on the current density 
profile. A pictorial description is presented in Fig. 6.1. In the 
first 5 microseconds the current enters the plasma and flows in a skin 
of width 2-3 cm. The skin formation has been investigated by Kalfsbeek 
[ 9], who showed that aue to turbulent processes the skin wiclth of 
2-3 cm is attained rapidly. In this phase the electric field is strong 
in the skin: E/Ec • 10. Thomson scattering and ECE show that a tail 
population is formed which immediately is cut off at < • 5 keV and 
becomes isotropic. This truncation is ascribed to the Parail ancl 
Pogutse instability [11 ]. The tail population is observed with Thomson 
scattering as a hot population, Te • 5 keV, which exists in the 
plasma boundary during 0-10 µs after the triggering of the pulse. The 
conditions under which this population is observea inaicate that it 
exists only in the outer 2-3 cm of the column. In the skin, current-
driven instabilities of the ion-acoustic as well as the ion-cyclotron 
type are excited. The group velocity of the excited waves is perpen-
dicular to B and can transport Particles and energy towards the plasma 
centre [12]. A few microseconds after the start of the pulse, tearing 
modes develop and begin to break up the magnetic fielcl structure, 
which greatly facilitates the radial transport. The current spreads 
over the entire column, establishing a monotonic q-profile. In the 
plasma centre, compression and heating are observea almost simul-
taneously with the rise of the current, followed by rarefaction and 
cooling. Sometimes, a fluctuation of Te and ne with a typical fre-
quency of 0.5 MHz is observed. This fluctuation is measured by Thomson 
scattering as well as llCE. The first density rise can amount to 30%. 
We note that such a pinch effect could never occur if the toroidal 
field were to be compressed together with the plasma. Hence, we have 
three indications of the snapping of the field lines: the rapid spreacl 
of the current skin (as measured by Kal fsbeek), the strong fl uctua-
tions of Te and ne in the centre and the loss of the runaway 
population. The process is fast enough to explain the heating effect 
as being due 'to adiabatic compression. During the compression in the 
centre, rarefaction and cooling are observed in the outer olasma. 
After 5 microseconds the decline of Ip sets in, entering the 
plasma like a negative current skin. In contrast to the case of the 
positive current penetrating, the g-profile now remains of a stable 
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Fig. 6.1. Sketches of the probable development of the j-profile and the q-profile 
during the current pulse. a. before pulse (also depicted ( ••• ): j(x) 
and q(x) as would result from Spitzer resistivity): 
b. penetration of current skinj c. after implosion of current skin: 
d. after extraction of additional current. 
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shape and consequently the negative current skin penetrates into the 
plasma only as deep as is necessary to get the total current back to 
its original value, which ilepth is estimated - 3 cm. In the outer 
zone, even a layer of neqative current mav be formed anil '1\ay persist 
for some time, as was actually measured by Kalfsbeek. 
After these processes a current-density profile is establisheil 
that again carries the basic Plasma current Ip = 30-35 kA, but is 
substantially narrower than in the relaxed state before the applica-
tion of the heating pulse. The subsequent relaxation will take place 
within a few milliseconds, as will be shown in Section 6.5. 
In the outer zone of the plasma cold ions mav enter the plasma, 
together with some lowly ionized impurity ions. They give rise to the 
temporal enhancement of emission in lines in the visible liuht ob-
served at t = 20-50 us after the pulse and cool the outer part of the 
plasma. 
Let us consider the energy balance at t 50 us after the 
start of the pulse: the integral of IV over this Period, i.e. the 
Poynting flux through the toroidal surface with minor radius a, yields 
a net extra power input of 180 J at Alp = 30 kA. Where is this ener-
qy when the current pulse has passed? It is either lost, or transform-
ed into particle movement (in the form of heat or drift) or stacked in 
magnetic field enerqy. 
The bolometer records an extra loss of - 30 J. The total loss 
is estimated about the double: 60 J. Remains some 120 J. Neither ECE, 
nor Thomson scattering, nor Ti-measurements, nor soft X-ravs or hard 
X-rays detect any non-thermal population that carries 120 J kinetic 
energy. Also the temperatures Te and Ti are not increased, thev 
are back on their prepulse value. Hence, we must conclude that the 
energy is not present in a kinetic term. 
Next, we will investigate the possibility that the energy is 
stored in an increase of the poloidal maqnetic field energv. We have 
already argued that the current-density profile has been reshaped bv 
the pulse into a more peaked form. We will now estimate the a'l\ount of 
energy associated with this narrowing. For the total amount of field 
energy ilue to the poloidal field we have: 
ro 
= f 
0 
a 
2nrdr + f 2nrdr , 
where r 0 is the radius of the current channel and a is the limiter 
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radius. The first term can he shown to be fairly independent of r 0 , 
provided the shape (not the width) of the i-profile does not change 
drastically (see Appendix 8). Then the change 6WL is determined 
mainly by the coaxial term: 
a 
r 
o,after 
- ~n r a , ) 
o,before 
Substituting IP = 33 kA and R = 0.46 m, we find that for 6WL = 120 ,J 
the j-profile should shrink from r 0 8 cm to r 0 = 5 cm, which 
agrees well with our estimate based on the evolution of the current 
profile. The subiect will he discussed in more detail in Section 6.5. 
Taking into account all observations and following the heuris-
tic reasoning given above, we think that the main effects of the cur-
rent pulse, evaluated at t = 50 µs after the pulse, are: (for 6Ip = 
30 kA): 
- narrowing of the current-density profile, 
- storage of the net power input - 120 J in poloidal magnetic field 
enerqy, 
- no substantial net effect on the distribution functions of the 
- electrons and the ions, 
introduction of a modest amount of cold gas and impurities in the 
outer plasma, 
- loss of the entire runaway population. 
6.4 The delayed heating 
In this section the phenomena connected with the second, delayed, rise 
of Te and Ti are examined. We review the experimental observa-
tions: rise and decline of the density fluctuation level within 2 ms; 
increase of the central Te and Ti during 2 ms, followed by a de-
cline with a time constant of - 1.7 ms; fast drop and subsequent slow 
recovery of Te (r = 60 mm); drop and recovery of the soft X-ray flux 
from the plasma edge and of the hard X-ray intensity; linear dependen-
ce of 6Te' 6Ti and 6S(k) on (6I ) 2 , with (6I ) 2 - f IVdt. 
P P pulse 
We shall briefly discuss some explanations of the delayed heat-
ing that have been proposed in the recent past. It is our purpose to 
check them against the experimental data in order to see which are 
valuable elements and what can be rejected. Then, we will present a 
new explanation, which has been preluded to in Section 6.3. This model 
will he subjected to a quantitative analysis in Section 6.5. 
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The explanations for the delayed heating that have been pro-
posed previously, differ in the essentials of their Physical bases. We 
give a classification: 
! impurity penetration: if after the pulse impurities are introduced 
in the plasma, this miqht enhance the ohmic Power inPut; 
II velocity space effects: in this type of explanation the idea is 
that enerqy delivered by the pulse is stored in a deformation of the 
velocity distribution function, e.g. in a superthermal oopulation. 
III improvement of the enerqv confinement. 
All the types have their own motivation. Type I has been raised 
as the unsophisticated explanation that should be checked before em-
barking on more involved and physically more interesting arguments. It 
will be shown to lack all experimental support. Type II has a better 
motivation: it is inspired by the linear dependence of 6Te,i on 
( 6Ip) 2 , which suggests that the energy which eventually is seen as 
heating, is injected in the plasma by the pulse. It assumes that a 
population of fast electrons is qenerated that thermal i zes in 2 ms. 
Explanation III, in contrast, examines the possibility that the 
heating does not result from extra enerqy input but from reduced loss. 
I Impurity influx 
We state that no influx of impurities of any importance takes Place 
after the heating pulse. The experimental evidence is as follows: 
- Neither the VUV-soectrometer, nor the bolometer, nor the X-ray diaq-
nostics, nor the visible light diaqnostics qive any indication of an 
enhancement of the impurity content after the pulse. 
- In experiments with two to four subsequent pulses with intervals of 
1 to 2 ms (not reported on here, see Ref. 14), the nelayea heating 
was found to repeat. This is not compatible with the impurity influx 
hypothesis, as the particle confinement time is much lonqer than 
'•· Hence, impurities supposedly introduced hy one pulse would 
still be present in the plasma when the next pulse is applied. 
Since in the basic discharqe the resistivity is only for one thira 
classical (determined by Zeff) and for two thiras current-driven, 
an enormous amount of impurities is required to induce a significant 
enhancement of the ohmic power input. The ohmic power inout due to 
classical resistivity with Zeff = 2 is about 50 kW. To achieve the 
heating observed, this power should at least be doubled, which 
implies Zeff > 4 or > 25% 0 6+. 
- The electron density is not raised after the pulse. 
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II Velocity space effects 
The possibility has been put forward that durinq the pulse a popula-
tion of fast electrons is qenerated carrying the enerqy which is 
greeted as an increase of Te and Ti two milliseconds later. The 
formation of a 'Te' 5 keV population in the outer shell of the 
plasma was actually measured (Thomson scatterinq and ECE), but it was 
observed to disappear within 10-?.0 µs. This disapnearance is conform 
the expectation, as the electron-electron enerqy equipartition time is 
5-20 µs. Could it be that somehow a superthermal nopulation survives 
and escapes detection? 
If the population were a hot thermal distribution, it should be 
seen by Thomson scatterinq, ECE, and X-ray diaqnostics. If it were 
beam-like, with ob • 5 keV, it miqht escape observation by Thomson 
scatterinq and ECE, but in the soft X-rav spectra it should be found 
very clearly. Furthermore, the beam should not carry too biq a nart of 
the plasma current or the ohmic power input would collapse. If for 
instance, 1/10 3 kA, the kinetic enerqy content of the 
beam, wk,b calculated from: 
ob = 5 keV 
amounts to Wk ,b • 1 J, far less than is necessary for the observed 
heatinq. For non-relativistic ob' wk,b is proportional to 1-o;;. To 
store wk,b - 100 J with lb = 3 kA, a runaway population is neerled, 
with E:b ~ 3 MeV. Runaways, however, do not thermalize. Moreover, we 
already have seen that all runaways are dumped after the pulse. 
Finally, if anywhere in the plasma a beam is qenerated, it is 
in the outer shell, since there the electric field (durinq the pulse) 
is maximal. The heatinq, however, is observed in the centre. 
We conclurle that the delayed heating is not produced by a slow-
ly thermalizinq superthermal electron population. 
III Improvement of energy confinement 
In Section 6.3 it was shown that after the heatinq pulse the current-
density profile has narrowed. It has been proposed that the more 
slender column suffers less losses. Especially the convective loss 
term could be diminished. The bolometer does not record a decrease of 
the power flux to the wall. However, the bolometer records but 75 kW 
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of the total power loss of 175 kW. The remaining 100 kW is not mea-
sured. This loss term could decrease unnoticedly after the pulse. The 
decrease of the power loss would appear as an additional power input, 
which lasts until a new equilibrium is reached. If we assume that 
during 2 ms the mean additional power input is 50 kW, the apparent 
energy input is 1 00 J, sufficient to explain the observed heating. 
This is an upper limit estimate. It is difficult to give a more 
Precise estimate. 
The evidence is, however, that the delayed heating is not the 
result of diminished loss. First: what has happened with the - 100 J 
in:iected during the current pulse? Second: the predominant heating 
would occur in the plasma boundary and not in the centre. 
In conclusion, we have little reason to believe that the energy 
confinement is improved after the pulse. 
A new concept: conversion of magnetic energy into heat. 
In the preceding paragraphs we have discussed various schemes that 
have been proposed as possible explanations of the delayed heating. It 
was shown that none is compatible with the experimental data. Certain-
ly, a quantitative theory has not yet been proposed. 
At this point we take up the heuristic theory developed in 
Sect ion 6. 3. We ended up with the picture that the pulse induces a 
narrowing of the current channel, while the energy delivered by the 
pulse is stored mainly in the increase of the polo id al field energy. 
The subsequent expansion of the current channel takes - 2 ms. As long 
as the relaxation process is not completed, the ohmic ilissipation 
density ( :i 2 n) is enhanced in the centre and lowererl in the outer 
region. As a net effect the total dissipation is enhanced. nurinq the 
relaxation Process a conversion takes place of the energy 6WL storeil 
in the poloidal magnetic fielil into thermal energy. The increased cur-
rent rlensity in the centre inrluces an enhanced level of the current-
driven ion-cyclotron waves. This may explain the observed increase of 
the low-frequency modes which are coupled to the ion-cyclotron morJe. 
The additional dissipation is localized in the plasma centre, which 
complies with the fact that there the strong heating is observerl, 
whereas the outer plasma remains cool. 
We see that the peaking of the j-profile can account in a 
natural way for the experimental findings. In the next section we will 
expand on this concept and subject it to a quantitative analvsis. 
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6.5 The relaxation of the pinched current-densitv profile 
In Fig. 6.2 the current-density profile and the electric field E(r) 
are sketched in the relaxed state and in the perturbed state directly 
after the pulse. The relaxation process evolves with a time constant 
which is estimate'1 
the resistive skin time of a plasma layer of thickness a/2. For n we 
take the mean value n given by 
-
n a
2 G R ~ = 10- Qm , 
o 2R 
which vielCls 
TR~2ms. 
This figure should be regarded as a rough estimate, its purpose being 
merely to show that the relaxation of the i-profile may take place on 
the same long timescale as the delayed heating. This is consistent 
with the experimental finding that Te (r = 60 mm) and the very soft 
X-ray flux recover on a milliseconds timescale. 
In order to parametrize the relaxation, we will approximate the 
current-density profile by 
i ( r) 0 ~ r < r 
0 
i 0 (r): unperturbed profile 
i.e., the i-profile is pinched by a factor a/r0 , but not altered of 
shape. We can now describe the relaxation process bv the single param-
eter r 0 : 
where • is the relaxation time, estimated - 2 ms, both from experiment 
and from theory (see above). We have taken t = O directly after the 
pulse has vanished. 
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Fig. 6.2. Sketches of the current-density profile (--), the poloidal rnaqnet-
ic field (-.-) and the electric field (---) in the basic discharge (a) 
and in the perturbed state after the pulse. 
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The amount of maqnetic enerqy stored in the increase of L, 
fiWL, is qiven by (see Appendix B): 
(for IP= 33 kA) 
We shall now derive a relation between a/r0 (0) and the height of the 
pulse fiip. P,xperimentally, the following relation was established 
where 
fiW pulse 
fiW pulse = f IVdt • pulse 
Allowing for 30 J extra loss measured by the bolometer and about as 
much extra loss to the limiter at fiip = 30 kA, we estimate: 
Setting fiWL equal to fiW 1 - 8W1 yields pu se oss 
(8! in A) • p ( 6. 7 ) 
We introduce the notation y = 0.4x10- 9 (8Ip) 2 • Since fiip is varied up 
to fiip • 40 kA, it follows that y $ 0.6. We make the Taylor expansion: 
a 
--- = exp(y) r ( 0) 
0 
1 + y + 0 ( y 2 ) • 
Hence, a = 1 + ye-t/T • 
ro(t) 
Durinq the relaxation of the j-profile the ohmic dissipation (WQ) 
is on an enhanced level. The increased dissipation tends to lower 
Ip, which effect is counteracted by the release of enerqy stored in 
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self-inductance of the plasma: the decreasinq self-inductance acts as 
a current supply. w~ is given by 
a 
= J 
0 
Accounting for a slight j-dependence of ~ (see Appendix C) this can he 
approximated by 
• • -t/T w~ = w (1 + aye ) 
a n ,o with a= 0.8 to 1.4 • 
. 
W denotes the dissipation level in the unperturbed state. ~.o 
hence, 
The ohmic energy input at a time t after the pulse is computed: 
t 
= J 
0 
lim 
t +oo 
From this calculation we see that if the relaxation takes place with a 
time constant ~ 2 ms, the enerqy injected by the heatinq pulse is 
entirely dissipated. This aqrees with the observation that, averaqed 
over 2 ms, IpVL is on its basic level after the pulse. If the 
relaxation were slower, the increased plasma resistivity would lead to 
a decreasing plasma current or, at constant Ip, to a rise of VL. 
If, on the other hand, the relaxation were faster, energy would be 
transferred to the external circuit. 
The fact that Ip does not col lapse indicates that the resis-
tivity does not rise sharply with increasing current density. 'l'his 
confirms the findings of Section ~. 2. If, in contrast, the Plasma 
resistance were proportional to the intensitv of the low-frequency 
density fluctuations, S(k), Rp would increase by a factor of 3 at 
6Ip = 30 kA. 
We now have established the coherent picture that the enerqy 
reservoir 6WL releases its contents with a time constant < = 2 ms. 
We consider the energy balance equation: 
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wk is the total kinetic energy content of the plasma, '£ is the 
energy confinement time ( ~ 1. 5 to 2 ms), IpVL is the basic ohmic 
power input which is taken constant, and the last term oescribes the 
gradual <lissipation of llWL. The change of Wk with respect to the 
basic level Wk(O) = Wk( 00 ) is given by: 
with 
T*=(_1_-
T 
1 -1 
-) T 
£ 
In Fig. 6.3, llWk(t) is shown for T/T 0 = 0.6, 1.0, and 1.5. It is 
seen that for T/T£ = 1, which is a good estimate for our case, the 
maximum value of llWk is reached at t = '£ and is about 0.37 llWL: 
( Mo<lel) ( 6. 8) 
This relation should be checke<l against the experimentally established 
relation 
= 2 50 x 1o- 9 ( llI ) 2 p 
Taking into account the changed profiles of Te and Ti this relation 
translates to 
( 6. 9) 
The agreement between the results of the simple model (6.8) and the 
experiment (6.9) is satisfactory. 
The next quantity we calculate is the value of llip for which 
q = is reached in the centre, according to the model. We have 
q(O) = 3 for r 0 = a • 
Since q is proportional to j- 1 , with; = j 0 (a/r0 ) 2 , we find 
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q(O) = for a/r
0 
= 1.7 , 
and us i nq ( 6. 7) 
6I . • 36 kA • p,cr1t. 
For fip > fiip,crit. we expect the occurrence of a sawtooth relaxation. 
This effect limits further peaking of the i-Profile and flattens the 
top of the Te-profile. Furthermore, fiip • 34 kA marks the occur-
rence of q(a) = 3. The development of m = 3 MHD modes in the plasma 
boundary may seriously enhance the power loss to the 1 iner and ma v 
thus cool the plasma. This is observed in many tokamaks. These effects 
are proposed as an explanation for the breakdown of the electron heat-
ing in the centre, which occurs for 6Ip ~ 35 kA. 
6,6 Conclusions concerninq the heating pulse experiment 
- The extra current induced on top of the running plasma current 
spreads within 5 µs over the entire plasma, due to turbulent pro-
cesses. 
- Simultaneouslv, magnetic field lines are broken, Permittinq ranial 
particle transport. 
- After the current pulse is extracted, a sharpened i-profile has been 
established. 
- The net energy in Put due to the pulse, fiWL' is stored as ~ 6 LI~, 
where fiL is the increase of the self-innuctance of the plasma corre-
spondinq to the narrowing of the j-profile. 
- The outer Plasma zone cools due to an influx of coV'! plasma and the 
subsequent ionization of hydrogen and impurities. 
- The runaway population is lost, nue to the breakaqe of maqnetic 
field lines. 
- The relaxation of the j-profile takes place with a typical time T • 
(~a) 2 µ0/n • 2 ms. 
During the relaxation the ohmic dissipation is enhanced in the 
centre and lowered in the outer plasma. 
- The net extra dissipation is about equal to fiWt· 
- The fluctuation level is increased accordinq to the enhanced drift 
velocity, but the anomalous resistivity remains more or less 
constant. 
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A P P E N D I X A 
The channeltron is represented by the circuit shown in Fiq. ~1. 
The idea behind the scheme is that the multiplication process can be 
thouqht of 
(Gain)1/n. 
as beinq built up of n discrete steps with multiPlication 
Evidently the most exhaustive charqe <1rain occurs in the 
end of the channel. we state that only the last multiplication step 
suffers from saturation, while the others behave linearly. The first 
steps are represented by a resistance R1 • The last, saturated step 
is represented by a RC-circuit. Every single cascade is assumed to 
discharge C completely, so that the total gain is equal to the charqe 
on c, and consequently proportional to v2 • After a discharge, re-
covery takes place with time constant 
T 
R 1 xR 2 
R +R 
I 2 
C = n-1 
n 
(R +R )C 
I 2 
It is seen that the actual value of n har<lly affects T, as lonq as 
n » 1. 
The pulse-heiqht distribution of a channeltron is a<lequately 
approximated by a trianqle (see Fig. A2). The position of its top is 
proportional to v 2 • A decrease of v 2 causes the triangle to shrink 
with respect to the horizontal direction. Hence, the fraction of the 
pulses that falls beneath the discrimination level (D) increases with 
the decrease of v 2 • The values of T and D were determine<l experimen-
tally. 
Fiq. Al. 
RC-circuit representinq 
a channeltron. 
d N (quanta) 
d Gain 
I 
I 
/, 
Discrimination level 
D G' 
,a 
' 
' 
' 
' \ : 
\ ' \: 
' :\ 
' \ ! \ 
Fig. A2_. - Gain 
Pulse-height distributions 
of a channeltron used in 
the model: a) unsaturated, 
b) saturated. 
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A P P E N D I X B 
The self-inductance of the plasma column 
The self-inductance L is defined by 
~LI 2 = f B2/2µ dV • 
vol 0 
The inteqral should he taken over the volume encompassed bv the sur-
face r = a at which the loop voltaqe is measured. The field outside a 
does contribute to the self-inductance, hut this term is part of the 
external circuit. 
Consider a current runninq in a channel of width r 0 ' a, with 
I ( x) 
with 
p(x) = profile function 
x'p(x' )dx' 
x 
P(x) = f x'p(x' )dx' 
0 
The total current ! 0 is qiven by 
Furthermore: B(x) = I(x) 2nxr 
0 
For the total amount of field enerqy within the current channel, we 
qet: 
w. 
l 
1 p2(x) f ax , 
0 x 
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where t = 2~R, the circumference of the torus and P 2 (x) denotes 
(P(x)) 2 • Finally, for the internal self-inductance we find: 
with PF = 
p2 ( 1 ) 
PF is a profile factor, which does not depend on r 0 • In Table A.1 it 
is listed for some profile functions. The total self-inductance L is 
given by Li plus the coaxial term: 
TABLI': B. 1 
p( x) PF 
1 0.25 
1 - x 0.52 
1 - xz 0.46 
( 1 _ x2)2 0. 61 
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A P P E N D I X C 
We consider a triangular j-profile: 
O < Bx < 1 , 
B = 1 in the basic discharqe. 
r 
x = 
a 
The resistivity in the basic discharqe is qiven by: 
n ( x) = 
x 
If we assume that n is unaltered by the pinching of the j-profile, the 
ohmic dissipation is qiven bv: 
. 1 /B 2 
Wn = Wn 
u ~~, 0 I 6 0 4 ( 1 - Bx) " ( 1 _ x) xdx • 0 
If we taken - j~ (see Section 6.2), the relation takes the form: 
. 
= w 
ll '0 
1/B 
I 
0 
(1 - Bx) 5/ 2 
(1 - x)3/2 
xdx • 
In Fiq. C.1 these inteqrals are plotted aqainst B. In the ranqe of 
interest, 1 < B 5 1.5, the followinq approximated relation is found: 
. 
w 
n,o 
• exp [a ( B - 1 ) ] 
with a = 0.8 for n - jo 
and a= 1.4 for n - j~ 
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Fig. C.1. The normalized ohmic dissipation as a function of the width (r0 ) of 
the current-density profiJe, calculated for a trianqular j-profile 
with the assumption n - j (a) and n - j~ (b), 
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A P P E N D I X D 
In this Appendix a synopsis is presented of the diagnostics develop-
ment I have been involved with. 
In the four-channel analyser PLATO two of the original four 
channel trons were replaced 
t ion al lowed the test and 
method to deduce Te from 
by surface-barrier 
application of the 
diodes. This modifica-
hybrid 
soft X-ray measurements). 
foil method (a 
The hybrid foil 
method is described in Ref. 1. Results obtained with PLATO are pub-
lished in Ref. 2 and in this thesis. 
Two new multichannel soft X-ray diagnostic systems were design-
ed and built, one for the TORT!JR III tokamak and one for the SPICA II 
screw-pinch experiment. Both are so-called pinhole cameras. 
The camera for TORTTJR III has a spatial resolution of 0. 5 cm 
and a time resolution of 50 µs in eight detection channels. An itera-
tive Abel-inversion code has been developed to reconstruct the radial 
X-ray emissivity profile. First results were obtained early in 1985. 
The camera for SPICA II has sixteen detection channels, ar-
ranged in a 2x8 matrix. It offers radial resolution in eight double 
detection channels, with resolution 6r = 1 cm and a time resolution of 
2 µs. The double channels enable application of the absorber-foil 
method to determine the electron temperature (Te). To that end two 
foil exchangers are mounted in the instrument. 
In both cameras microchannelplates are applied as X-ray sensi-
tive detectors. A research programme was carried out to investigate 
i) the pulse-height distribution of a 'chevron' (two cascaded micro-
channelplates) as a function of the bias voltages and 
ii) the performance of a chevron sub4 ected to pulsed and continuous 
high intensity. 
For these experiments an electron beam facility of controlled 
intensity was built. 
From the results of the first experiment and from a theoretical 
statistical analysis it was concluded that the typical quasi-gaussian 
pulse-heiuht distribution of the chevron is not due to saturation of 
the second plate. Instead, the pulse-height distribution of the 
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chevron is a nearly linear magnification of that of the first plate 
[ 3 ] • 
The high counting rate experiments showed that the recovery of 
a channel that is 'fired' proceeds with an initial fast ohase (tyoical 
time constant •1 = 0.5 ms) to continue slower (•2 • 5 ms). Generally, 
only the slow phase is found in literature. We have investigated 
whether lateral currents could be responsible for the fast, partial, 
recovery second plate (as is widely assumed). To that end we measured 
the bulk resistivity ( nb) of the channelplates. We found % = 10 10 
Qm, compared to n > 10 16 Qm specified for Corning 8161 glass (the bulk 
material of standard Galileo microchannelplates). This result implies 
that lateral conduction is not negligible in a channelplate. It 
cannot, however, account for the observed fast initial recovery (4]. 
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